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ABSTRACT

This report covers research performed under Contract N00014-72-C-0477 for

the Advanced Research Projects Agency, which was monitored by the Office of

Naval Research., The effort was'directed specificaliy toward examining and

comparing tae responses of similarly configured expandable and rigid bodies

. [

N | : subject to wave action, te investigation of hydrodynamic problems associated

. - with closely spaced multiple floats in an array, and t6 an assessment of cost of
. - expandable structures in relation to certain design requirements for a floating

. base.

Subcontractors were Davidson Laboratory (DL), located at Stevens Institute of
Technology, for hydrodynamic testing and a2nziysis of models and Lockheed Un-
| derwater Missile Test Facility (LUMF}, which provided a test tank for large-
scale models of isolated floats. The Davidson Laboratory work comprised a

N major portion of the program and consisted of the following four parts:

o . Part 1 - Exploratory investigation of interaction effects
on deck motion
Fart 2 - Comprehensive program on hydrodynamic in-

teraction effects

Part 3 - Analysis a2nd supporting test work of study of
response of deformable floats

o

Part 4 - Large-scale model tests of response of de-

formable floats

e

The Davidson Laboratury work is reported in Appendixes F, G, H, and 1.
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SECTION I - INTRODUCTION

The technical feasibility of creating large expandable structures that can be ‘
assembled at sea to form stable platforms of various sizes was investigated by 5
Goodyzar Aerospace Corporation (GAC) and a subcontractor for hydrodyna-
mics, Davidson Laboratory, Stevens Insiitute of Technology, during an 18-month
r-eriod ending in late 1971. 7The results of this study, which are reported in

GER-15491, l,a indicate with certain qualifications that the concept is feasible.

A group of experts convened by the Advanced Research Projects Agency (ARPA)
and the Office of Naval Research {ONR) reviewed the results of the study to de-
termine what additional work would be appropriate to develop a large-scale
platform. The full report of the ARPA review group is presented in Appendix

A. Briefly, the review gioup concluded that additional investigations should be

made: (1) to verify the assumption that pressurized rubber/fabric structures
(built to act as supporting floats for a deck) would respond iike rigid bodies
under wave action, (2) to examine certain hydrodynamic problems associated
with a closely spaced multiple float array (including the cause of test model
deck motion amplification), and (3) to assess further the effect of platiorm de- :

sign and performance on costs,

The program reperted herein, conducted under Contract N00014-72-C-0477,
was undertaken to elucidate these issues, and the program plan as well as the
format of this report were structured to respond to the three general problem

areas cited by the AKPA review panel.

Cther work presented includes a minimum-cost proposal in Appendix B; descrip-
tion of the Naval Underwater Systems Center at Seneca Lake, New York, in

Appendix C; spin-off investigations in Appendix D and a description of the Lock-
heed Underwater Missile Facility in Appendix E. Reports prepared by Davidson
Laboratory, Stevens Institute of Technology, on hydrodynamic testing and analy-

sis of models are presented in Appendixes F through I.

a - . - . . -
Superior numbers in the text refer to items in the List of References.
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SECTION II - SUMMARY

Analvtical studies and model tests were conducted on isolated floats and on ar=ays
of floats connected by simulated deck structures. Regular waves of varying fre-
quencies and forced heave motion were imposed on the models to determine their

mo!ion and/or force response.

Significant geometric features of the proposed float configuration include: (1} a
hinge separating the upper float section from thre attenuator, (2) a transition sec-~
tion where the diameter increases, and (3) an increased mass element in the zt-~

tenuator.

Analytical expressions for heave force show the advantage of the shoulder design
over designs without a shoulder for the particular critical frequency range im-
mediately above resonance. Test resulis on 1/57.6-scale floats with and without

shoulders provide verification of the analytical expression for heave force,

Analytical expressions for a hinged float show the great reduction in surge forca
transmitted to the float support in comparison with that for an unhinged float.
Test results on 1/57. 6-scale floats without hinges provide reasonable verifica-
tion with theory except for non-critical, high-frequency waves where the theory
is non-censervative. Theory is shown to b conservative for hinged floats, pur-

ticularly at low frequencies for floats with both shoulders and hinges.

Flexible floats made of fabric and easily packaged can be filled with water, then
air-pressurized to act in a manner similar to rigid floats. A rigid wocden model
and a fabric model of 1/8-scale size were comparatively tested. Results show
that heave and surge force and bending moment measurements are sirnilar be-
tween the model and comparable with theoretical predictions. Pendular and
heaving natural frequencies were also shown to be comparable with eacl: sther

and with theory. Structural natural frequencies were different as expected.

Arrays of unhinged 1/57.6-scale model floats held rigidly in place for force
measurements show an increase in heave and surge force values over theoreti-
cally predicted values. The increase in heave force is related in part to an

increase in wave height noted within the array. The increase in wave hLeight

Preceding page hiank .
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is related to an interference to wave flow caused by the closely packed array oi

floats.

Arrav moaels constructed with deck structures that permit motion tests show
that excessive motions above theoretical predic tions occur throughout the array.
Parzllel linkage mcdels showed ciccessive stern rnotion (tail wagging) and exces-
sive bow nioticn at certain frequencics, cver and above those motions at the cen-
ter. Stiffened deck models slow both bow and stern motions to be excessive,

Structural interaction is experimentally shown to contribute to excessive motion.

An znalytical incdel of an array supports test data in regard t» mode shape of the
deck and excessive bow and stern motions. Studies isolating heave and surge
force efixcts show that surge force interaction is responsible for the majority

of the deck motion. Evidence available promotes the contention that structural

inrtersectiou ot *he deck can be greatly reduced by proper positioning of the hinge.

Ccest studies are presented that indicate that unit cost of construction is in the

range of $1L7 per square foot for full-scale construction of small arrays.
Recommendations for further study in five areas are presented below:

1. Modify existing analytical model to verify experimental
arrays more precisely,

2. Examine modifications to consi~ . “ion of the float to re-
duce surge force interaction on the deck. Shifting the loca-
tion of the hinge can be easily examined by the analytical
model.

3. Consider advantages of the float design extended in this
program, including geometry and packageability, to areas
of spar buoy interest.

4., Consider rigid float construction in light of geometric ad-
vantages extended by the float design of this program.

5. Examine construction technigues for deck edge restraint

and their influence on the motions of arrays of floats.

4

roamicy

.
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SECTION III - ISCLATED FLCAT STUDY

1. BACKGROUND

The ARPA review group commentary on isolated float data included the sug-
gestion that "the response and bahvaior of rigid versus expandable buoyant
elements" be invesiigated. The review group recommended that further

work be directed to

1. Determine if inflatable floats can be made to act like
a rigid structure under wave action

2, Examine the properties of inflatable deformabie floats
to determine if their eiastic properties are useful to

performance of a stable floating platform

Doubt was expressed by a number of review group members that a water
and air-pressurized rubberized fabric body wonld react structurally in a
manner similar to 2 non-deforming metal or concrete float cf similar con-
figuration. Also, the degree of stiffness that can be achieved in a fiber-

reinforced elastomeric structure was questioned.
Two test programs were conceived to examine the problems postulated:

1. Small-scale model test and analysis

2. Large-scale model .ests

Analytical effort was also expendzd to develop mathematical expressions
that could be used to evaluate the test measurements as well as to broacen

the knowledge of the unique features of the proposed fioat design.

2. FORCES IN GENERAL

Forces on verticzl cylinders caused by waves are well undarstood. Avail-
able technology has provided design capability for both stationary piles,
which develup side forces as waves pass, and isolated floats or spar buoys,

which respond with dynamic motion to ocean waves,
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-6~

Before beginning a study of cthe forces exerted on submerged floats, the pres-
sure field under a passing wave must be examined. Underwater forces re-
sult from the m-tion of a passing wave as well as from the head of water
above the point of ccnsideration. From the general energy expression for
steady flow {Bernoulli), which considers potential, pressure, and vclocity
heads, the following dynamic eguation for pressure potential can be ob-

tained. 2

pod
et

-
-

o34 0], <

where

pressure,

T
1

= density of incompressible fiuid,

%
]

potential function,
g = acceleration of gravity,

z = vertical dimension measured positive downward from
the still water level, and

x = horizontal measurement measured positive in the
direction of the wave

The potential function, g, which describes the total ene~gy potentiai of the

orbiting water particles, is given by:3

d = va cos:iﬁl(-xzdi- d) sin K(x - vw t) @)
where

¢ = potential function (ft?'/ sec),

d = water depth,

{ = wave amplitude (1/2 wave height),

1
A ]

= wave number (2mw/ Lw) ,

1

L, = wave length, and
V. = wave velocity.
w
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ip

The "static pressure”" component of the total pressure term (that pressure
acting in all directions neglecting velocity) is given by the first two terms
of the pressure function. The last two terms of the expression deal with
8¢/8x and 8¢/8z, which ax.'e velocities.

For deep-water consideration (large d), the ratio cosh K (-Z + d)/sinh Kh

-kz s . . .
approaches e . Static pressure below a wave field in deep water is con-

seqguently
p
s, 08
p = 8% T3t
> -Kz
P = pgz & éa pge cos (Kx -wt). (3)

The Smith effect is referred to as the difference in pressure that would be
calculated at the instantaneous water level, neglccting wave motion and that
i3 calculated as above. Maximum variation would occur at a wave crest or

trough when
cos (Kz ~wt}) = 1.0 .

The Smith effect would then be:

Bp =pgl (1 - e K2} (4)

Floats considered for the floating base application employ many design fea-
tures that make response of the floats different from a conventional cylindri-
cal spar buoy. The influence of these features in regard to imposed force

ig discussed below. Particularly significant design items include the atten-

uator, binge, and skin,

ATTENUATOR FEATURES IN REGARD TO HEAVE FORCE
General
The attenuatcor is termed such because it houses the eiements that reduce

the response of the float to a fraction of the wave motion. Specific features

of the attenuator are the shoulder transition and its increased mass.
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e

Shoulder Transition

Use of this increase in diameter, at a level below the lowest point the wave
form is expected to reach, provides a transition area against which imposed
wave forces will act in opposition to forces applied at the bottom. Figure 1
depicts the opposing forces described above. Also shown in the figure is a
plot of heave force amplitude in pounds per foot of wave amplitade versus
wave frequency imposed on a cylinder with and without a shoulder. Signifi-
cance of the shoulder in regard to heave force is demonstrated by a simple
theory that considersonly the variation in pressure at depth ac the wave
passes but disregards inertia and drag efiects. Referring to Equation 3,
above, and considering force amplitude alone, the equation for heave force
is: _

F,=prg|{ZA -Z A} t((e’Kzt A, - K2 Abﬂ

where

area of the cross section and

st
o
1l

subscripts denoting location of

pressure calculation at transition

or base.

The floats shown have a water piane diameter of six feet, are filled with
water, and are capable of carrying the same payleoad. The table in Figure 1
shows the geometric difference between the floats represented by the curves.
Curve A represents the heave force resulting on a constant-diameter float
being held fixed ia the water. Note that the force amplituce is greater for
lower-frequeuncy waves where the wave height has a lenger time to affect

the bottom of the float. The force shown is in phase with the wave .

Curve B shows the dramatic change that occurs with the addition of a shoul-
der tramsition. This float is the same length as that for Curve A, but with
an increase in diameter to 12 ft at a depth of 30. 23 it below the water line,
Note that a null point occurs at a frequency of 0. 104 cps. Heave forces at
frequencies above the null are out of phase with the wave. Below the nuli,
heave forces are in phase. The cause cf this phasing phenomenon is simply

explained by the fact that at higher frequencies the product of pressure times
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- area at the transition is greater than at the bagse. More completely, the

- exponential decay of pressure with depth is greater for the high-frequency
short waves than for the Jow-frequency long waves: this in turn causes the
greater force to change from the base to the shoulder as wave frequency in-
creases. To aid in reducing the size of the plot, the lower portion of curve
B (the out-of-phase portion) can be flopped over ag shown with the dashed

curve.

Table I is an example of the ccmputer data from which the plots of Figure 1

f were made. The particular case shown is for float B.

c. Increased Mass

An increase in mass of the float is beneficial in reducing the motion of the
float due to the forces described above. A significant parameter associated
with response is the natural heaving frequency of the float, which is a func-

tion of the mass. Water plane frequency, as it is termed, is calculated as:

] 1 JK
I=m1= -
where
K = pgAy (Ib/ft) spring constant of float as measured
by the weight of water displaced per foot of float
. heave
m = mass of the float to be accelerated.

Referring to Figure 1,the constant-diameter float A has a natural frequency

of 0.125 cps. This frequency would be urdesirable from the viewpoint of a

- float designed for ocean use, because many waves would contain this same
frequency, and a consequent resonance would result, causing excessively

large motions. Float B on the other hand has a natural freguency of 0,083
cps. This frequency is lower than the significant waves expected to be en-

countered in the design considered.

Curve C is provided to show the effect of increasing the length of a constant
Zdiameter float A from 52 ft to 117.3 ft, where its mass is equzl to that for B.

The natural frequency of B and C are consequently the same.

- p— oo
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Figure 1 - Theoretical Heave Force on Fixed Fleat
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Advantages of the constani-diameter design are evident by the reduced force
imposed on the float over a portion of the frequency range. Referring to
Figure i, float C has a reduced force compared with that shown for float B
at frequencies above 9.117 cps. Below 0. 117 cps, float B has a reduced

response as a result oi its null point.
Advantages of the shoulder design result because:

1. Surface area or total fabric area of the increased di-
ameter section is only v X 12 X 21.77 = 820 sq ft as
opposed to 1 X (6) X 87.08 = 1€4.0 sq ft for housing
the sarie mass in the constant-diameter float. (A ratio
of 1 to 2)

2. Bending stress is reduced because the length is shorter
and the diameter increased

3. Shoulder depth can be designed so that the null point
frequency occurs in range of sigaificant enctrgy of the

wave

Experimental Verification

References 1 and 4 provide test data on isolated floats built to a scale of
1/57.6, which were testad in an earlier phase of the GAC study of floating
bases. Figure 2 provides a plot of heave force versus frquency as mea-
stred on tne floats depcited on the plot. Results are scaled up to full-scale
values by multiplying wave force/foot values by )\2 = {57. 62), and frequency

—_
by 1/Y 2. Note that the floats shown are similar to float B discussed above.

The theoretical curve for float B showr in Figure 1 is repeated in Figure 2
for comparison purposes. This curve is termed static force plus Smith
correction, because it neglects orbital velocity and acceleration effects of
the water particles. The theory shown here has been termed Froude-Krylov

or Newman by Mercier in Reference 5.

A modification to this cucve to account for acceleration influence of the par-
ticles is included. The theory used to obtain this modification follows more
readily after the discussion presented in the next section (refer to Appen-

dix C for expressicns relating this effect).
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This modification for inertia effects appears to match the data more accu-

rately and will consequently be adopted as representative of heave forces.

HINGE INFLUENCE
General

A hinge is :ncluded in the float between the attenuator and the upper section
of the float. A function of this hinge is to reduce the shear force ard bending
moment at the hinge level. The shear, induced by the surge force, reduces
when a hinge is installed, because the wave force is partially resisted by

the inertial force of the swinging attenuator rather than being transmitted

entirely to the hinge.

Surge Force

Shear or surge force as a function of time, imposed on a body held fixed as

a wave passes, is developed from considerations of unsteady flow.

Equation 1 provides consideration of the velocity compunent of the orbital
motion within the wave. The static force component of Equation 1 is disre-
garded in consideration of surge forces, because it is balanced by a pressure
force, equal in magnirude but opposite in direction, applied to the other side
of the float. It is assumed here that the float is slender compared with the

wave length,

Unsteady flow considers the additional influence of the acceleration or inertia
potential of the orbiting particles of water as the velocity vector changes di-
rection and centrifugal forces are exerted. Reference 2 provides a consid-

eration of both the acceleration and velocity effects of the wave, as shown

below:
2\ Ou 1
_ D"\ + 5 C AD|ulu| Az,
fs(z) = [Cm .0(-—-4 )at 27D }
where
2n{-z +d
u = Zlg- COSh[ Jo::os 2% (L - L)
T sinh(.zwd) L T)
L
W
and
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5 cosh 2n (-z +d)]
- L
QB=41T£' ¥ s‘nZvi-t——)
ot 'I‘2 2wd L T )
sinh ——
L
w
Consider the body diameter sniall with respect to the wave length (x L
then,
-
cosh [217 (z +d)
£ = -411’20 v . LW sin 2wt
s met e .h(Z'n'd) mTT
sin I
w
2
2 cosh Zl(f#l lco 'cos 2mt s
2 £ W T T
+ ZCDpAtr 5 - 774
T sinh ——
L
w
where
f_ = surge force applied to a small element of volume,

V = volume of element to which Fh is applied,

& = wave amplitude of motion (1/2-wave height),
T

wave period

o
"

wave length,

w
t = time reference,

Cm = coefficient of mas3 (or inertia), and

CD = coefficient of drag.

For deep water considerations, where d/L is large, then

cosh [Ml]
-Kz

Lw o e ,
sinh (sz )
W
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where K = 2m/Lw, as shown in Reference 3. The contribution of drag to
the force is found to be small; consequently, the inertia force may be con-

sidered as the important term.

The resulting expression is:

£ = -anlc pv-% o KZ g 2mt
s m TZ T

Consider a cylindrical segment of a vertical float with a diameter D and
length /.

vV = wDZi
- 4
Pressure acting on this segment is:
f -Kz
_ s _ _.3. e ._2mt
p_DL' = -7 Lm D 5 8in =5~
T
Let
3 2 £
a=T Cm pD Tz .
Then
a -Kz . 2nt
R=-p ¢ sin =% .

The total surge force acting on a verticzl cylinder of constant diameter can
be obtained by integrating the pressure over the projected area of the cy-

linder considered.

Bending Moment

Moment applied to the float by the forces described abeve canbe computed as:

z3 Z2
M, = f Z pdA = pD zdz
% Z)
27t

- 2z ~Kz
= .‘li \e 2 . e 1)(Kz +1) sin-—’-{,——
K
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Theoretical Results

Maximum forces and moments cpplied to the float are of interest here.
Amplitudes of the preceding expressions provide information that become

maxima midway between the crest and trough of the wave.

Figure 3 prevides expressions for the forces and moments on a constant-
diameter float and Figur= 4 provides them for a stepped float represented

by two constant-diameter cylicdrical sections.

Expressions from Figures 3 and 4 were programmed with typical results
provided in Table II and Figure 5 for surge and in Figure 6 for bending mo-
ment. Curves A, B, and C of each figure represent float configurations as
shown in the sketches provided. Note that these cases a.e the same as
those shcwn for heave force in Figure 1. As would be expected, the short
float Ahas theleast surge force and moment, while the broad float B has the
greatect magnitude. The long fleat C attains intermediate values because

much of its projected area occurs at depths where surge forces are reduced.

An exception occurs for float C when low-frequency waves are considered.
In this regard, the length of float C coupled with surge force causes the
heuding moment (Figure 6) to be higher than for floats A and B.

Modifications are made to the preceding expressions to account for the ad-
dition of a hinge in tha upper cylindrical section of the float, This hinge
permits the zttenuator to swing; consequently, equilibrium equations for a
static~type solution can be maintained by the application of a reversed effec-
tive force located at the center of gravity of the .attenuator. Magnitude of
the fcrce can be calculated from the condition that the sum of the moments

zbout the hinge must be zero.

Figure 7 provides the certinent geometry and equations that were program-
med with the results shcwn in Figures 5 and 6. Curve D of each figure
shows the influence of placing a hinge in float B at a level of 23,0 ft down

frorn the water line.

Note the dramatic decrease in both surge force and bending moment that

occur for the Finged float D in comparison with the other floats.

~17-
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Figure 5 -~ Theoretical Surge Force on Fixed Float
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Experimental Veriiication
D

Reference 4 provides test data on isolated floats built to a scale of 1/57.6.
Figures 8, 9, and 10 provide plots of surge force per foot of wave height fora

range of wave frequencies. Results are scaled up to “ull-scale equivalents.

Floats B and D discussed previously are depicted in Figure 8. Theoretical
results are slightly nonconservative in regard to float B, the unhinged case.

Theory is, however, conservative in regard to float D with a hinge.

Tests conducted on floats with no shoulders are presented in Figure 9.
Theory and data for the long float (6 ft by 117 ft) show good agreement, ex-
cept at higher frequencies. Whea the float was hinged at a level of 23 ft
down from the water surface, the forces reduced considerably and theory
was slightly conservative. The upper portion of the float (6 ft by 23 ft) was

tested alone. Here the theory was slightly non-conservative.

Tests conducted on a float with less-pronounced shoulders are provided in
Figure 10. Both hinged and unhinged conditions were examined. Agreement
is agair good for the rigid fioat, except at higher frequencies where it is
somewhat non-conservative. In the case of the hinged float, the theory is

conservative.

SKIN DESIGN FOR 1/8-SCALE MODEL

General

Float geometry is established by matching the preceding load relations to
design requirements to obtain an optimum configuraiicn. The above work
neglects local and overall bending deformations the structure might attain.
If the float were made of a ballasted wood structure or thick-wall concrete
or steel structures, where deflection is small, the above work could be
utilized without further consideration of structural effects. These cases

would be eramples of near-rigid structures.

Economy of design, however, dictztes that metal structures must be as thin
as possible. Membrane theory consequently is utilized in the computation
of stresses in such elements. Overall bending and local deformations in

these cases do vesult, and natural frequency of the structure decreases.
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“

Evaluation of these parameters must be made before it can be concluded
that the preceding theory can be used, without modification, to account for

structural effects.

Desire for packageability, transportability, and flexibility at high loads has
led to the consideration of expandable float technology. Basically, this

consists of the use of pressurized fabric skins in the design of the float.

Technology is well-developed in the area of inflatable fabric structures.
Essentially, the pretensioning of the fabric by internal pressure results in
a structure that can have considerable stiffness and strength. Specific
modulus and strength (that is modulus/density and strength/density ratio)
values for some typical materials are included in Table III. Properties for
the dacron, nylon, and Fiber B materials are shown as for uncoated cloths,
Gteel ard aluminum materials selected represent the lower strength prop-

erties available as common construction materials.

Many fabric structures have been built that practically demonstrate theiz
ability to replace metallic structures. The INFLATOPLANE? is an example
of the use of dacron fabric to make inflatable wings and fuselage parts that
can be folded and packaged. A current GAC program on the B-1 airplane
utilizes fiber B to make expandable stabilizing fins and spoilers for the crew
escape capsule. These components rapidly inflate during the ejection pro-

cess.

Evaluation of skin-type structures, whether fabric or metal, in relation to
rigid structures can be made by observing the structural natural frequency
of the item in regard to the frequency of the exciting force. If the natural
frequency is high, then the response can be considered similar to a rigid

structure, which would have an infinite natural frequency.

b. Test Float Design

Tests were conducted on rigid and flexible models to compare iheir response.

The models were fabricated to 1/8 scale of the following full-size dimensions;

a'I'M, Goodyear Aerospace Corporation, Akron, Ohio.
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TABLE III ~- MATERIALS COMPARISON

Property Dacron Nylon Fiber B Steel Aluminum
Density y cr yt  10.000241 [0.000350 |0.000604 |0.283_ |0.10¢C
b/in.3  |1b/in. Ib/in.3  |ib/in.% |1b/in.2
Elastic modulus |1250 1875 30 x 103 {30 x 10® |10.6 x 10°
E or Et Ib/in.2  |ib/in.2 ib/iu.2  |1b/in.  |Ib/in.
Tensile ultimate (250 ,  |375 1500 , 155X 103 {46 x 103
or t 1b/in. 1b/in. 2 1b/in. ib/in.  |Ib/in.

Specific modulus |5.20 X 10 {5.36 x 108 149.7 x 10® {106 x 10°|106 x 10®
E/y or Et/yt (in.)
Specific strength 1.04 X 10

/yor t/yt (in.)

611,071 x 10°]2.48 x 10° |195 x 103 |460 x 103

Y

1. Float length, L, = 110 ft

2. Diameter ratio, DL/Du = 1.5

3. Upper diameter, D = 6.0 ft

4. Aspect ratio, L/D, = 18.33

5. Hinge location, = 23 it below water

line

Measurement of forces transmitted to the float support were deemed to be
the most indicative measure of float response. This was accomplished by a

rigid mounting of the float to an immovable torce balance.

Forces measured in this manner wer- quivalent for both models; however,
they do not include components of force reduction that would result if the
force balance mechanism were free to be dispiaced in heave, surge, and

pitch motions.

Design of the 1/8-scale fabric model was accomplished to provide skin thick-
ness, strength, and stiffness as well as internal pressure as scaled down

from a prototype design based on data available before testing.

Design of the portion of the float below the hinges was accomplished to estab-
lish nearly equal mass distribution characteristics for the two models. Since

the fabric model was to be filled with water below the hinge, this entailed
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the ballasting of the wood model with metal to render it slightly heavier than

a neui:«lly buoyant condition would require.

Design requirements for the fabric mcdei included the use of a cable truss
network to resist lateral forces in the float. TFor similarity, these cables

were incorporated into the wood model as well,

Buoyancy and pressurization forces in the fabric float were created by the

incorporation of an air chamber located in its upper section. A diaphragm
scparated water and air within the float. This diavhragm allowed the pneu-
matic pressure applied in the top chamber 10 be transmitted to the water in

the lower chamber.

Specific design procedure for the flaxible model was based on a conservative
determination of wave forces that would be impoced o a fuli-scale float. Data
on forces and lccations are obtained from Reference 4. The - ange of interest
in terms of frequency of waves applied to the float lies between 0. 06 seconds
and 0.224 cps. These values are selected because data on sinall models are
available and because the significant range of waves in the operational condi-
tion lie in this region. The maximum forces aad moments occur at the higher
frequency end of the range. Table IV provides measured force data oa small-
scale floats, projected to full-scale values as well as 1/8-scale values. De-

sign was set for a full-scale wave of 15-ft peak to peak (7.5-ft amplitude).

TABLE IV - MAXIMUM DESIGN FORCFS PREDICTED FOR

{iruhidny

pmmm

!«ulm‘l‘&wl

[I W
SRS |

HINGED FLOAT=

Force Full scale 1/8 scale
Surge force 5700 1b/st’
for a 7.5-ft wave an:plitude 27,800 1b 54.2 1b
Center of pressure (Cp) from
calm water level 158.5 in, 19,81 in.
Heave force (Fy) 260 lo/f¥
for a 7.5-it wave amplitude 1951 1b 3.82 1u

*Maximum forces occurring on a hinged float {(at { = 0. 224 cps).

TTaken from Figure 16, Ref 4.

*Taken from I'igure 13, Ref 4.
-30-
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Based on the forces shown in Table IV, inflation pressure and fabric strength

for a 1/8-scale model are determined below:

Surge force Fg =542
Center of pressure, Zcp = 19.81 in.
Moment arm, Z = Zcp - 9 in. = 10.81 in.
Bending moment, M = FS(Z?-) = 54,2(10.81) = 585 in.-1b
Bending stress, N/ = MZ- = 28 22 = 9,20 Ib/in.

L 7(4.5)
Heave force, Fh = 3.821

F .

Direct stress, N¢ = hz = 3.8 > = 0.0600 1b/in.

d wr w(4.5)

Z(N,,{b + Ng d)
Pressure required, p =

r

_ 2(9.20 + 0,06) _ .
= @.5) = 4,11 psi

Max longitudinal stress, N" = 225 + N’gb + Nﬂ‘d
= & “?4'5 +9.20+0.06 = 18.51 Ih/in.

Max circumferential stress, Ng = pr = 4,11 (4.5) = 18.52 1b/in,

Quickbreak strength
Longitudinal Ngb = S.F'. N9 max = 4.0 (18.5)
(Safety factor = 4.0 for longitudinal fabric)
Circumferential Ngb = 5. F. (Nc max)
= 5.0 (18.5) = 92.5 1b/in.

(Safety factor = 5.0 for circumferential fabric)

74.0 1b/in.

Fabric strength for attenuater

Circumferential - Ngb = 5.0 {4, 11) (M)

\ =5 111 1b/in.
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In this consideration, the bending moment was calculated at a point located
six feet below the water line where the cable truss will be attached. Bending
moment is considered most severe here becaase of the cantilever effect of

the stub extending below this point.

The maximum strength requirement is 111-1b/in. quick break, occurring
circumferentially in the attenuator. This value is considered conservative
in regard to a full-scale design. Full-scale design would optimize the hinge
and truss location to provide for reduced stress on the float fabric., It is
noted, additionally, ‘that the geometry of the float considered here does not
identically match the model float from which the test data were taken. Dif-
ferences in the float are judged unimportant in regard to the forces of inter-

est on the basis of extrapolation of other test data.

Dimensions of the two models are provided in Figures 11 and 12. Weight

characteristics of the models are provided in Table V.

Figures 13 and 14 are photographs of the fabric and wood floats, respectively.

Figure 15 shows a detail of the fabric hinge construction.

Packageability of the fabric float is illustrated bythe partially folded model

shown in Figure 16.

TABLE V - WEIGHT CHARACTERISTICS OF 1/8-SCALE MODEL

Section Fabric model Wood model

Lower section (below hinge;

Total weight 265.0 1b 355.2 1b
Net weight (in water) 1.81 15,0 1b
cg {from hinge center) 48.90 in. 49,26 in.
Upper section
Total weight 26.4 1b 86.2 1b
Net weight (in water) -42.11b 11.21b
founting platform 90.0 1b 90.01b

-32-
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ALUMINUM CAP

E 1.00 IN.

52.63 IN.

9.27 IN.

70.12 IN.
79.31 IN,

WATER LINE 77.81 1IN,

45 DEG
! o
CABLE

ATTACHMENT
POINTS

1.62 IN.

AIR l
DIAPHRAGM |

WATER
/ ! 6.69 IN.
LO7 INJ

—’T

’ [
6.69 IN. 164.12 IN.
3.00 IN.

G HINGE

< T

:= E 12.50 IN.

_{ I 84.81 iN 83.31 IN.
l 14.22 IN. £3.39 IN.

= 7.11 IN.
i w

Figure 11 - Fabric Model Dimensions (1/8 Scale)
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ALUMINUM SAP
* e [
| 1.00 IN.
9 IN
4S5.0 IN. i
152.0 IN. I
71.0 IN.
79.5 IN. 78.0 1N
WATER LINE l
- /S 45 DEG
CABLE
ATTACHMENT
8N
6.00 m.'
| K |:“NGE T 165.0 IN.
$ 48N, A } ]
-h 5.50 IN.
A
18.9 IN.
STEEL CYLINDER I} Jom 15.12 1N
DIAM = 2.50 IN. &
| !
1 o —'i B — o 11.75 IN.
i z Ig
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Figure 12 - Wood Model Dimensions (1/8 Scale)
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Figure 13 ~ Fabric Model
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The upper mounting platform with outrigger booms for cable truss attach-

ment is shown in Figure 17. This platform was used for both models and

was rigidly attached to the force balance by means of the upper angle bracket,

as shown in Figure 18.

NATURAL FREQUENCY RESPONSE MEASUREMENTS

Struciural Natural Frequency

Dynamic behavior of the floats can be evaluated by studying the natural fre-
quencies of the floats as mounted on the force balance and situated in the

water. A data report on these floats is given ‘n Appendix 1.

High-frequency structural modes of heave oscillation, developed by exten-
sional stiffness, were obtained by striking the upper flange cf the float in a
vertical direction. The frequency of oscillation of the heave force balance

was recorded and results are shown in Table VI.

These values are significantly influenced by the natural frequency of the
force balance. A complex 2-frequency mode was observed for the fabric
model. The lower :node is related to the soft characteristic of the hinge,

which allows the attenuator to move relative to the apper float section.

Influence of this 2.5-cps response can be evaluatel by comparing it with the
frequency of the waves of concern. In full scale, this frequency becomes

F = 2.5 (l/m = 0.882 cps. This frequency is much greater than the
0.112 cps for the significant energy of a Sea State 5 condition. It is ccn-
cluded from this that the influence of the structural frequency of the fabric
float, although different from the infinite value of a rigid float, will have
little influence on the heave response of the float in rough sea conditions.

It is further noted that a significant increase in the frequency can be attained

by a simple design change of the hinge whereby it is stiffened.

Bending natural frequency of the float was excited by imposing a transverse
force on the float. Measured values are shown in Table VI. Here again the
frequency of the fabric model is less than the wooden model. Hinge design
is likewise responsible for the difference. The metal hinge requires trans-

verse raotion of the upper float section to be equal to the attenuator at the
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Figure 18 - Interface with Force
Balance on Mounting Platform
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TABLE VI - STRUCTURAL NATURAL FREQUENCIES

Frequency
Full-scale
Frequency measured Model scale | equivi.ient Remarks
Extensional mode (heave
direction)
Rigid - wood 4.3 1.52 Model plus balance system
Flexible - fabric 7.7 2.72 Upper float plus balance
(higher mode) system
(Lower mode) 2.5 0.882 Attenuator hinge
Bending mode (transverse
direction)
Rigid - wood 1.7 0. 600 Model plus balance system
Flexible - fabric 1.0 0.352 Model plus balance system
Water plane heaving fre-
quency
Rigid - wood 0. 263 0.0929 Model detached from
balance
Flex:inle - fabric 0. 249 0.0880 Model detached from bal-
. ance (average of 5 cycles)
Perdular frequency of atten- '
attenuator
Rigid - wood 0.0645 0.0228 Pendular motion due to
hinge (average of 10 cycles)
Flexible - fabric 0.0671 0.0257 Pendular motion due to
l hinge (average of 10 cycles)

-40-

hinge. In the fabric model, the two motions do not have to be equal, conse-
quently at a frequency of 1.0 cps, this softness will become significant. At
full scale this frequency is 0.352 cps. This frequency is again higher than
the significant frequency to be encountzred in rough scas. As noted above,
the control o this frequency is easily managed by a change in the hinge de-

sign.

Heaving Natural Frequcncy

Buoyant or water plane frequency of the floats was measured by removing

the models from the force balance and aliowing them to heave in reaction to
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an upward force on the float. Five cycles of motion were recorded and

averaged as shown in Table VI.

Theoretical values for this frequency can be calculated as:

-_11/_K_
f"Z*I'r m ’

where
K = spring constant for restoring force
acting on the float and
M = mass of float.

For the wooden (rigid) float, For the fabric float,
(oL | 62.4n (0.375)° fo L 62. 47(0, 386)°
T 2w 441.4 T 2m 36532.2

32.2
= 0.226 cps = 0.256 cps

Natural frequency measured for the fabric float (0. 249 cps) is close to the
theoretical value (0.256 cps). Measured value for the wooden float (0. 263
cpe) is different from the theoretical value (0.226 cps). The measured

value in this case is considered not accurate, because the value was taken

by untrained observers and for only one cycle of motion.

Natural frequency of the fabric float is greater than the wooden float, as
expected, because its mass is less and its water plane diameter is greater.
Accuracy in the prediction of this frequency is important, because it is a

limiting feature in design.

Its value can be controlled to any desired magnitude, specifically to a fre-
quency sufficiently below the wave speciral frequency, to avoid resonant
amplification. Data above show that the use of a fabric material in construc-
tion does not affect this natural frequency phenomenon and that the body can

be considered as a rigid body.

Pendular Natural Frequency

Free pendulation of the attenuator about its hinge point was measured by
observing its motion aiter the surface of the wave channel had becor-e rela-
tively calm. Little damping appeared to exist in the motion and 10 cycles
were easily observed, with the average value for one cycle reported in Ta-
ble VI. -4]-
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Theoretical values for these frequencies can be calculated from the differ-

ential equation for pendular motion of a submerged body.

Forces and accelerations acting on the body are:

1. Weight force, Fw = W sin 0
2. Restoring linear inertia force, Fm = mz0

3. Restoring rotational inertia couple, T = J8

This restoring torque can be represented hy a couple of magnitude:

_T 3
FT—Z-ZG

The differential equation of motion becomes
Z\
5 ,r V. .
m(Z+—-— 0 = -Wsinbo ,
z/

where

mass of the attenuator,

m
W = net weight of attenuator in water,

r = radius of gyration of attenuator,

J = polar lmoment of inertia of attenuator, and
0 =

angular position.
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It is assumed here that the center of gravity and center of buoyancy occur
at the same point on the body. Also, a term is included for the effect of ro-
tational inertia in addition to linear irertia in decelerating the pendular mo-

tion.

For small angles, sin 6 = 8, and the following expression for frequency is

developed:

w
m
Z+

For a single pendulum with a concentrated mass suspended in air, r = 0 and

.1_1]3
T VZ°

This is the classical expression for such a problem.

W = mg, thus,

Theoretical value for the wooden float is approximated by reducing its net
weight in water (15 1b) by 4 1b to account for a concentrated mess of metal

located near the hinge.

. 11 _(32.2) _
0.0706
‘wood © V (4.07 {5:23)(355.2)

No value is calculated for the fabric floats because the differential equation

above doesn't allow for a restoring force at the hinge as exists for this

model. Note that the frequency is very sensitive to the net weight value W.
When W = 0, the natural frequency is zero and the float will follow the wave.
Control of the magnitude of W is a simple matter involving ballasting.

The value calculated above is sufficiently close to the measured valies of

0. 0645 cps for the wood model that confidence in prediction methods is es-
tablished.

The use of fabric in construction has no influences on this natural frequency
mode.

« R SED N SN EEE AR N Ry e (e
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Frequencv Summary

The frequency responses discussed above indicate that a fabric float can be
designed with frequency characteristics that are not detrimental to the func-
tioning of a float in waves. Specifically, the assumed rigid-body motions of
heaving and pendulating are accurately predicted for the fabric float using
rigid-body theory. Structural natural frequencies o] extension and bending
I *ha float are different, as would be expected, with the fabric float lower
than the more rigid woodeu [l1nat. Of primary influence on these structural
frequencies is the hinge. Construction as used for the model tested provides
a natural frequency sufficiertly high so as to make its response only slightly
higher than the mnre rigid float. Low-cost techniques can ke employed to
change this hinge construction to tie point where its frequency can be raised
to near that of the riore rigid float and consequently eliminate its influence

from any concern if desired.

FLOAT FORCE AS A FUNCTION OF FREGUENCY
Heave Force

Verification of the observations made in the preceding discussion concerning
frequency can be made by measuring the forces transmitted through the

structure to a support as waves pass by.

Wave tests were conducted on the wood and fabric models as outlined in
Table VII. Wave frequency varied from 0. 245 to 0.675 cps. In full-scale
terms, this range is 0.0865 to 0.238 cps, which is sufficient to examine the
comparative response of the floats in a frequency range similar to what

would be encountered in ocean waves.

Details of the test setup, recording equipment, and results are provided in

Appendix I.

A graphical presentation of the heave force is made in Figure 19. An analy-
tical prediction based on the preceding theory is also shown. Results indi-
cate that the rigid and flexible floats respond similarly taroughout the fre-~

quency range.
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HEAVE FORCE A 'FL.UDE/WAVE AMPLITUDE {(POUND/INGH)

® HINGED WOOD MODEL
A FABRIC MODEL

e e ANALYTICAL PREDICTION

L 57T

9

2 0.3 o4 0.5 0.6

WAVE FREQUENCY {1I/SECOND)

1 1 T i
4 3 2.5 2.0

WAVE PERIOD (SECONDS)

i

Figvore 19 - Heave Force Measurements ~ 1/8-Scale Floats
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TABLE VII - TEST SCHEDULE FOR 1/8-SCALE FLOATS

-46-

Wave frequency Wave amplitude
Test series Model {cps) {nominal) (in.)
1 Wooden model 0.675 2
(with hinge) 0.25 to 0.50 4to7
2 'Wooden model 0.25 to 0.66 4to7
{upper float portion
alone)
3 'Wooden model 0.3 A
(hinge eliminated by
rigid collar)
4 Fabric model 0.66 3
(internal pressure = 0.27 - 0.66 4 to 5
4,11 psi) 0.44 6
5 Fabric model 0.2 6
(internal pressure =
2.5 psi)

Theoretical prediction of the response is gecod throughout the range except
at the highest frequency tested. This highest frequency wave (0.675 and

0. 660 cps for the wood and fabric models, respectively) is sufficiently be-
low the natural frequency in heave (4.3 and 2.5 cps) that significant amplifi-
cation should not occur. Cencern over the above discrepancy is not impor-
tant, since wave amplitudes imposed on a prototype at this frequency would
be small and that the resulting motionwould likewise be small. Note that the
curves presented earlier for the small-scale floats (1 /57.6)did not show this
effect. Further work should eventually be conducted to examine more fuliy

this high-frequency range.

Surge Force

Surge force results are graphically presented in Figure 20. Theoretical
predictions based on expressions shown earlier for rigid structures are also
shown, with the fabric model having a slightly higher response than the wood

model beacuase of geometric differences.

Experimental response of the wood model in comparison with theory is in

reasonably close agreement. The close proximity of the bottom of the tank

BURKLINERY
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Figure 20 - 1/8-Scale Float Models in Regular Waves - Model
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to the model would giveshallow water effects, particularly for the lower fre-
quency waves., Tank depth (d) is 17 ft while wave lengths range from 10 to
80 ft. Depth-to-wave length ratio d/) is 1.7 to 0.213. Deep-water theory
is generally applicable for d/\ > 0. 5.

The theory plotted did not account for shallow water influence; consequently,
the test data might be expected to be greater than shown for the theoretical
curve. The data surprisingly is below theory, however. Response of the
fabric model is greater than the theory predicts. Two causes are suggested
for this action.
1. YForce amplification due to the low structural resonance
of the model. An expression from Appendix I provides

a method for calculating this effect.

| 1
- —_—
Fr = 2‘}FE ,

(5]

SR TN BN G N Ny e P ey e RN e B RN R AR R DB
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F.. = transmitted force,

F_ = exciting force (taken here to be the
E .
predicted force),
{f = wave frequency, and
fn = natural frequency of element

This influence is shown as a modified theoretical plot
in Figure 20.

2., A second irfluence is suggested due to the resisting
"stiffness" built into the fabric hinge, which is not
present in the metal hinge of the wooden model. The
three-inch diameter fabric hinge has a collapsing mo-

ment of:

1 3
M _Ep‘rrr

1 3
3 (4.11) +{1.5)

21.8 in, -1b

Couas’dering the center of surge force pressure to be acting at a level of

four feet from the hinge, a force of F = 21.8/48 = 0.454 pounds would have
to be applied before hinging action would occur.

An unreported plot shows that pressure within the attenuator varies as the
waves pass; consequently, the pressure used in the equation above is actually
a variable. Post-buckling behavior of a fabric tube should be considered in

a complete analysis of the hinge.

A plot showing the combined effect of the two corrections, based on the

simple assumptions shown above, is included in Figure 20.

Tests were run with the upper section of the wooden float alone without the
attenuator installed. These results are shown in Figure 21 along with a

theoretical prediction that shows good agreement.

The strain link installed between the float and attenuator at the hinge pro-
vided valuable information regarding surge forces acting on the attenuator

alone. These values are included in Figure 21, also.
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Figure 21 - Surge Force Measurements on Upper Float Section and
Attenuator Separately
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Figure 22 provides a comparison of these plots. Theory and measured
data for the float in total are shown as two of the curves. The third curve
shows summation of data for the attenuator and float, as was shown sepa-

rately in Figure 21.

Good agreement of the curves further establishes confidence in the theory
and verifies th> csrsumed phase relation between surge torce on the float

and the attenuator, namielv that they are in phase.

Bending Mcment

Bending moment as measured at a point on the top surface of the cap of each
model is provided in Figure 23. Theoretical predictions for this moment

are also included.

In both cases the measured response is less than the predicted value, except

for the highest frequency run of the fabric model.

Corrections 1 and 2 for the frequency effect and the resistant moment influ-
ence of the hinge, as utilized in the surge force comparison above, are also

shown on the plot.

Cause for the conservative values generated by the theory must be related
to the distribution of surge force on the side of the float. (Magnitude of the
force was shown to be relatively accurate in Figure 12). Further work in
this area, whereby ihe ineoretical prediction can be made less conservative,
will allow for reductions in the stress requirements for the float construc-

tion.

Force Summary

Force measurements show that the response of the wood and fabric models
to imposed waves are similar. Differences in forces can be essentially
attributed to construction details. Corrections for natural frequency differ-
ences, associated primarily with the hirge construction, exp.ain much of

the response deviation between the models.

Theoretical predictions of the forces are available and agree well with mea-

surements, except in regard to the distribution of surge force on the floats.

Theory predicts a conservative bending moment on the float at the deck level.

W' v
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8. SMALL-SCALE INFLATABLE FLOAT TESTS

Tests on small-scale inflatable floats made of an unrcinforced flexible vinyl
material were to be made as the first step in the program. For expediency,
the shape selected was similar to a shape previously tested by Stevens Insti-
tute. The shape selected, however, was significantly different than the pro-
posed float design. Information gained here was to be used as an aid in the

establishment of the larger scale inflatable model discussed in the preceding.

Requests to complete the program within a short time span demanded that
the large-scale models be designed and fabricated in the same calendar
period &s the small-scale models. Benefit of small-scale test data conse~

quently was not available for large-scale model design.

Test plan, model geometry, and results are presented in Appendix H. No
discussion is presented here, because of unresolved problems associated

with the test. Unresolved questions include:

1. Deformation magnitudes due to low pressure
2. Influence of creep phenomena associated with vinyl

materials in regard to skin stresses

Additional effort could have been expanded to resolve these questions and
make use of the data presented. It was concluded, bowever, that further
expenditure was not warranted on the basis that the results of large-scale
model tests were available showing good correlation to theory. Further,
geometry of the small-scale models does not reoresent prototype geometry,

whereas the large-scale model closely represents such geometry.

9. HEAVE MOTION RESPONSE

Tests of unrestrained floats in waves, to determine their heave motion re-
sponse, were not made. Motion prediction methods are available, however,
from which plots can be made. Newman in Reference 5 presents an expres-
sion for heave mction response of an isolated float as developed from slender
body theory neglecting damping and added mass. Mercier provides plots

in Reference 4, based on Newman's expression, which is:
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1- CVPQOKT

= 1 - CVPKT

>IN

where

Z = maximum amplitude of motion experienced

Lt
1]

wave amplitude of motion

CVP = vertical prismatic coefficient

V = displacement volume of the float
T = draft of float
K = wave number

Q = nondimensional volume ratio modified by a factor

l ®  to account for wave influence decay with depth:
~ o

Q =+ K% §5(z) az .
I "V )

These expressions are utilized to generate the data in the 7th and 8th col-
umns of Table I. Figure 24 provides a plot of this predicted heav. motion

for floats A, B, C, and D discussed in earlier sections of the report,

Although this theory neglects certain terms that should be included for 2

more complete analysis, it does provide a comparative response not gr.atly

in error from expected motions,

Y

-55.




/

SECTION III -~ ISOLATED FILOAT STéDY

GER-15665
g
F
L
h ‘ H CLOAT DEFINITION
i d D L L Ly
T d FLOAT | (FT) [(FT) (FTy | (FD {FT)
A 6 6 52
JF
- ) 6 12 sz 21.77
Lf [ o)
c 6 6 |117.32
D 6 12 =2 21.77 23
‘2 ————
1.0
0.8
o
| 8
.
-
w 0.6
A\
~
~N
ul
0
>
£ € (LONG) A (SHORT)
o
=
< 04
w
>
«
=
-~
ul
o
>
o
o5
S
< 0.2
0
z
[
[
o) 8 (BROAD) OR
Z O (HINGED)
w
>
<
w
b d 0 \*
0.08 0.10 0.15 0.20 0.25
WAVE FREQUENCY, { (CYCLES PER SECOND)

Figure 24 - Heave Motion Prediction

A |
e mnd

B

B " 2
oM

{ I

TRl
A

!

fuuama

ﬁnmm
-

fovuiit ] e |
St §

A hatonty

lMkaIIM'D

lmml

]




GER-15665

SECTION IV - PLATFORM MOTION INVESTIGATIONS

BACKGROUND

The ARPA review group noted that an expandable floating base "has some
rather unusual features: the columns are closely spaced ... the ratio of
column diameter to that of attenuators is 3/2; a full struccure may have a
regular array of hundreds to thousands of such floats; and the deck and truss

structure connecting the columns is rather flexible."

Concern was expressed over the effects of interaction in such arrays, about
distributed reflection and absorption of wave energy, and about the validity
of "scaleability" of model test results. Recommendation was made that fur-

ther work be assayed on three basic hydrodynamic problems:

1. Interaction of the viscous wake of a float with neighbor-
ing floats

2. Distributed wave reflection and absorption

3, Elastic response of the structure to wave-induced

forces

Emphkasis was suggested on exploration by empirical and analytical means
of the stern motion amplification (tail wagging) noted in tank tests of the
6-by-35 float array, which employed a deck with parallel linkage ccnnections

offering no restraint to heave forces.

Investigation of these problems was undertaken by Davidson Laboratory
through model tests and analysis in two tasks (Appendixes F and G). GAC
participation in this effort was to interpret and analyze test results and to

attempt to predict platform behavior through mathematical models.

EXPLORATORY INVESTIGATION OF INT ERACTION EFFECTS ON DECK
MOTION

- Introduction

In this first phase of the test program, an attempt was made to determine
the nature of the cause of the motion of the previously tested articulated

model.

-57-
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Figure 25 is a display of the motions of that model as taken from Refer-
ence 5. Of primary concern is the observation that motions throughout the
model are magnified over that predicted by theory. Also of concern is the
observation that at most wave frequencies, motions become amplified as

the stern is approached (tail wagging). Near resonance, the bow motion be-
gins to show higher motions. Note that the resonant or heave natural fre-
quency of the various rows appears to occur at a lower frequency than pre-

dicted for an isolated float.

Several itemas considered in establishment of the test program are discussed

below. Items that influence motion and scaling are included:

1. Forces induced on individual rows of floats. (If the
forcea imposed on the floats are greater than theoreti-
cal, then the magnification eifect can be explained by
hydrodynamic causes. Amplification effects, tail wag-
ging, can likewise be explained if force variation is
similar).

2. Wave elevation measurements -~ Magnificatior and
amplification effects may be explained as surface wave
elevations.

3. Reynold number effects - Possibility cf viscous wake
interaction due to vortex shedding, separated flow,
etc, may occur. This influence can be examined by
changes in the Reynolds number resulting from a
change in model scale.

4. Weber's number effect - Surface tension effects on
these small-scale tests may be tested by iatroducing
a chemical surfactant.

5. Test tank sidewall effects - This influence cculd be

examined by moving to a larger test tank.

Model Description and Test Plan

Tests were programmed as shown in Table VIII, which provides a general

description of the models and measurements made. Note that the float used

is the same as float B discussed earlier in this report. Details of the
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models are contained in Appendix F with photographs and drawings of the

constructions (see Figures 1 to 8a of Appendix F).

Test data with faired curves for heave motion, heave force, surge force, and

wave elevation are shown in Figures 9 through 33 of Appendix F.

Measurements

Summary plots of certain of these curves are reported in Figures 26, 27,
and 28 for vertical deck motions at cert: n locations, heave force developed,
and surge force developed. Note that the deck motion curves are faired from

the previous test data presented in Figure 2?5 and new test data.

Wave height data are summarized in Table IX. Data in the second to seventh
columns are obtained from Appendix F by normalizing the wave height values
measured with no model present (Coiumn 2) and those measured behing each
of the given rows when the model is present (Columns 3 through 7). Nor-
malizing value is that representative value measured 25 ft forward of Row 1,
Column 8 is the average of all the measured rows. Average wave height
within the array varies from 8 to 37 percent greater than that measured ahead
of the array as shown. The last column of data is taken as the ratio of the
wave height average for the rows to the height with no model present. Wave
height average within the model varies from 6 to 42 percent greater than the
height measured with no model present.

TABLE IX - WAVE ELEVATION SUMMARY

Normalized wave height ratios

Row { Row | Row | Row | Row
Wave No (num-|num-| num-| num- | num- | Average of | Average/
frequency {model {ber 1 Iber 9 |ber 17! ber 27|ber 35| all rows | no mcdel

0.49 0.76 {1.36 {1.11 | 0.89 | 0.84 | 1,20 1.08 i.42
0.80 1.19 {1.41 [ 1.38 {1.05 1.46 | 1.08 1.28 1.03
1.00 1.2 11.29 11.24 | 1.17 1.58 | 1.57 1.37 1.06
1.30 0.93 | 1,02 11.06 j1.11 1.36 | i.28 1.17 1.26
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Figure 26 - Subsequent Model Island Motions
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Motions shown in Figure 26 and Appendix F indicate that deck motions over
the length of the array are similar in magnitude, except at the bow and the
stern. Bow motion null and resonance points shift to higher frequency than
the other rows. Their effect causes bow motions to become larger than the
remainder of the array at particular low frequencies. Stern motion shows

increased motion at all frequencies.

Heave force amplitudes shown in Figure 27 show an increase as the stern

is approached. Upon reaching the stera, the values taper off to a magnitude
close to that measured at the center of the array. Forces in the array are
greater thanthosemeasuredfor an isolated row. Theoretical predictions are

adequ: te for the isolated row measurements.

Surge force amplitudes shown in Figure 28 show an increase from bow to
stern. Forces on an isolated row are close to thoce measured atthe middle

of the array and thus represent an average for the entire array.

Figure 29 provides plots of the heave morion and heave force measured with
the plots made alorg the length of the array. Note that for any given ire-
quency, the motion response along the array is similar to that at any other
frequency. A similar result is evident for the heave forces. As would be
expected, the heave motion response decreases with wave frequency, while

the heave force increases.
Results

An examination of Figures 26, 27, a#nd 28 and the curves in Appendix F

will aid in interpreting the following information:

1. Test tank width has little effect on the motions of the
articulated array. Conclusion: Boundary or side wall
channel effects of 12 ft wide tank are not significant
for an island model 20. 5% in. in width.)

2. Heave and surge force measurements for the small-
scale models are generally lower than those for the
larger scale models. (Note: These resulis should be
further verified, because magnitudes of the forces

measured on the small-scale model were on the order
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of 0.001 1b, which may be subject to experimental
error or bias.) Conclusion: If test data are valid,
scale effects are importaat in the extrapolation of test
results. Reynolds or Weber numbers can be the char-
acterizing factor. (Efforts to isolate Weker numbers
were unsuccessful.)

Wave elevation measurements show that in general
the height of waves within the array is greater than
the height outside the array. Conclusion: Hydro-
dynamic effects are responsible for wave elevation
increases. It is suggested in Appendix F that con-
tinuity of flow within the nest of obstacles may be the
cause of the increase. Porosity or float cross sec-
tional area to total surface area is 0.906. Note
that wave motion is the result of the orbital ve-
locity of water particles; it can be reasoned that this
porosity effect could cause wave heights to increase as
the reciprocal of porosity or to 1.101 times the exter-
nal wave height. Porosity effects at the level of the
attenuators would cause an increase in wave motion

at this lower level to 1.403 times tl.e external wave

height. The combined influence of these porosity effects

could possibly explain the increase in wave neight re-
ported in Table IX.

Heave motion measurements are similar, in many
respects, to the motions measured previously. Stern

motion still shows significant amplification. The re-

- mainder of the deck length appears to have nearly the

same motion magnitudes, which are magnified over
that shown for the theoretical motion of an isolated
float.

Heave forces show an increase in magnitude toward

the stern of the island. At nearly all wave frequencies,

the isolated float row results in lesser force than that

Premanm 1o
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shown for any row of the array. Theory represents
the force on an isolated row adequately.

6. Surge force is constant throughout the array at low
frequencies, but increases as distances from *he bow
increases at higher frequencies. Isolated row results
are similar to the forces occurring near the middle of
the array and conseguently represent an average of the
total surge force apnlied to thearray.

7. The amount of wave energy either dissipated or de-~
fracted by the rigidly fixed-float arrays was not sig-
nificant for any of the tests conducted. This observa-
tion is independent of wave frequency.

8. Effects of varying surface tension on the small-modei
array yvielded such scattered results that no meaning-
ful conclusions can be drawn.,

9. Magnification of heave motions of the array above the
theoretical predictions for much of the array would be
expected from the results of the heave force tests.

10. Heave force magnification in large measure appears
related to increased wave height wichin the array.

11. Wave height magnification within the array appears
closely related to porosity effects.

12. Stern motion amplification and bow motion frequency
shift were not explained by any tests run in this pro-
gram, but are intuitively thought to be associated with
the peculiar articulated deck construction employed,
which for small deflections has ne shear transfer
capability. Other suspecfed items include surge force
interaction, pitch mast stabilizing device, and the re-
straint afforded by the tether. It is observed, however,
that the ends of the array do not receive support from
both directions as does the center of the array. Such
lack of support can be expected to provide unusual end

conditions including frequency changes and increased

motion.
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KHYDRODYNAMIC INTERACTION EFFECTS
General

This task was also performed by Dzavidson Labnratory. It's purpose was to
investigate in greater depth those hydrodynamic problems identified by the
previous effort ac being most influential on platform motions. At its incep-

tion, these parameters were established as warranting investigation:

1. Flcat spacing

2. Float configuration

3. Platform size and number of floats
4. Wave height

5. Wave frequency

As the exploratory program progressed, certain other issues arose that
were added to the investigation planned for the comprehensive program.
These included the effects of model tethering, of current, of hinging the
floats, and varying deck stiffness. The initial comprehensive program test
plan, which proved to be overly ambitious, envisioned the following motion

tests in waves of new 1/48-scale models models employing hinged floats:

1. Two arrays: 10 by 17 and 10 by 9

2. Two values of deck stiffness

3. Three float diameter spacings - 3to 1, 3.75to 1,
4.5to 1

4. Two float slenderness ratios 1.8 to 1 and 1.5to 1

5. Effect of tethering

6. Effect of damping collars

7. Current effects

As in the exploratory program, emphasis was placed on examination and

exploration of deck motions of a multifloat array subjected to waves.

Model Description

Three float array models were fabricated for testing. These differed from

previous models in several important aspects:

1. Floats were hinged
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2. Deck structure was designed to provide for bending
stiffness; two values were chosen

3. Provision was made to permit variation of float spacing

Two float configurations were selected for testing, both of which were longer
and slenderer than those used in previous model arrays. The scale ratio

selected was 1 to 48 with dimensions taken from the following full-scale

dimensions:
Float A% Float B?
Waterplane diam 6 ft 6 ft
Attenuator diam 9 ft 10. 8 it
Slendé -uess ratio 1.5to 1 1.8to 1
Freeboard 30 ft 30 ft
Draft 96 ft 78 ft
Hinge location 23 ft 23 ft

(below calm water line)

A su: mary of the tests conducted in this phase is given in Table X.

Additional information on geometry, test pian, and test equipment are pro-

vided in Appendix G.

Measurements

Frequency response plots are given in Appendix G, as shown in Table X.
Figure 30 presents data on the frequency response for the stiffest deck con-
figuration tested (deck 2lement 5) in a plot of the mode shape of the deck at
particular frequency levels, Observing the frequency response plots, it may
" 2 noted that 3 "null” frequency exists for which deck motion is smalil.

These are shown in Figure 30 as 0.087, 0.144, and 0.201 cps (converted

to full-scale equivalent frequencies). Note that the curves are shaped as a
typical 3rd mode shape of a free-free beam. Peak motion frequencies or

"resonant” frequency points appear on the response plots at frequencies of

2These floats bracket the dimensions of an earlier isolated float test on a pre-
vious program as shown in Reference 4, float C,

-6a-
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Figure 30 - Mode Shapes for Deck Stiffness 5

0.072, 0.121, and 0.173 cps. The lower frequency resonance is caused by
the heaving natural frequency of the individual floats. Two curves are shown
in Figure 30 for 0.071 and 0.072 cps; note the reduced scale for these ex-
treme amplifications, which are 10 times the magnitudes shown for any of
the other frequencies. Mode shape here appearstobe similar tothe mode of

a free-free beam. Note that the stern (row 17) has less motion than the bow
(row 1). Cause of the other resonance points was not established, but is
related to the structural natural frequency as will be shown. Plots at these
resonant frequency points of 0.121 and 0.173 cps shows the typical 3rd mode

behavior noted at the null frequency points.

It is evident from the above that motion at the ends of the array are near
equal and are significantly greater than that predicted for an isolated float
and are generally greater than at any other point in the array. At frequen-
cies above float heave resonance, the center of the array experiences mo-

tions nearly as large as the ends.

Figure 31 presents data for a model with a deck of significantly lower
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Figure 31 - Mode Shapes for Deck Stiffness 3

stiffness (deck element 3) than for tne ca.ie above. Figure 32 is plotted for
a model with a deck of yet lower stiffness (deck element 2) equal to half that

f~r Figure 31,

Some observations can be made from these plots, which are similar t{o the
stiffer deck models. Mode shapes at intermediate frequencies are essen-
tially the same, that is, the typical third mode type. At low frequencies
near resonance, the shapes are of the typical first mode type. At the high-
est frequency, however, the less stiff deck, Figur=z 31, appears to be going
into a fifth mode condition. This effect is more pronounced for deck element
2 of Figure 32. Another similarity is that the mode shapes appear sym-
metrical, in most cases. An observation was made during one tes! for which
it was found that some of the rows of floats had become loosened at their
attachment to the deck. A reduced motion for such a row would be expected,
because the entire interaction effect could not be transmitted through a loose

connection. .

Further observation of Figures 30, 31, and .2 indicate that a measurement of

Preceding page blank
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Figure 32 - Mode Shapes for Deck Stiffress 2

the occurrences at any one row could be related without difficuicy to the
motions at another row. Row l is selected for comparison purposes and is
shown in Figure 33 as a frequency response plot. This plot repeats certain
of the plots in Appendix G. The significant item shown in this figure is the
difference in response of the various models in the range of frequencies
from 0.08 to 0. 14 cps immediately above the heave resonance of the float.
In this region the stiffer deck has a lower response with various null and
secondary resonance points occurring. The intermediate stiffness deck has
a high response but still retains a null and secondary resonance point. Such
points shifted to lower frequencies than for the deck of greater stiffness.
The least stiff deck shows a further trend of the effect shown above, with

an apparent masking of the lowest frequency null point.

A trend appears to be established from the above observations. Increasing
the deck stiffness considerably above that tested might be expected to con-
tinue to lower the response and suift the secondary resonance points and
null points to higher frequencies. Such a trend would tend to flatten the

response curve to a low level.
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The influence of deck stiffness on the response of the islaud is evident from
the forced oscillationtests {test number 10}. Examination of the data in the
appendix will show that when row 17 is excited with the model setting in calm
water, row 1 can attain motion equal to that of row 17, particularly at the
intermediate frequency cases (0.073 to 0.088 cps). For this lower deck

X stiffness test (deck element 2), motion was not transmitted by hydrodynamic
effects, but only by deck stiffness effects. This sbservation is opposed to

an earlier hypothesis stating that deck stiffnesc had little effect on motion.

e

Results

Qualitative results and observations, as noted by Davidson Laboratory, are

as follows:

1. Vertical motion response of the deck of these models to
waves is not independent of positions along the length of
the model. The motions are affected by the elastic con-
necting elements and exhibit beam like features.

2. Results of two tests indicate that for float slenderness
ratios of 1.5to 1 and 1.8 to 1 at a float diameter spacing
ratio of 3.73, deck heaving motions are essentially the

same for the wave frequencies tested.

3 )
W
.

Compariscn of observed deck motions with theoretically
calculated motions, where hydrodynamic and elastic in-
teractions are ncglected, do not snow good agreement.
The fundamental resonant frequency was predicted, how-

ever.

LS
.

The magnitude of deck rigidity can have a very impor-
tant inflvence on vertical deck motions. The iunda-
mental heaving resonant frequency is evidently un-
affected (or only slightly affected) by variations 1. deck
rigidity. Response at other frequencies is, however,
appreciably affected. In particular, additional resonant
frequencies appear from Tests 11 for instance with tho

aluminum deck stiffener, higher mode frequencies at

-76-
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T

about I~ 0.12 and £ ©+ 0,17 Hz are detected, while for

Tests 6 with 2-in, wide plexiglass deck elastic elements,

f2 0.10 Hz seems to be somewhat like a resonance.

This beam-like feature of the response sugg~sts that
much of the difference between theoretically calculated
responses and measurements, at least for frequencies
only slightly above the heave resonance, may be due to
near-resonant response, where the elastic natural fre-
quencies are only slightly separated from the pure
heaving natural frequency for a resilient deck, some-
what more widely spread for a stiffer deck, and rather
well defined for a very stiff deck. Additionally, the wave-
induced horizontal loads on floats can couple into bending
deflections of the deck.

5. Tests of a model with 1. 8 float slenderness ratio and
float spacing diameters of 3.00 and 3.75 slow different
deck motions response, but the effects of spacing cannot
be discriminated from the elastic bending of the deck.

6. Tests of a model withou* tether restraint show no sig-
nificant deck motion changes from the tethered array.

7. Tests with a dashpot attached to a single float row in-
dicate that the amount of damping provided {about 20
percent of the critical damping for a single row) is
insufficient to significantly affect the response of the
total 17 float array, apparently due to the interactions
occurring in adjacent rows.

8. Tests of a 9- by-10 array showed no clear indications
of difference of motion response from the 17- by -10
array from which it was detached.

9. Analytical considerations, together with test observa-
tions, suggest that the elastic deck bending motion may
be significantly affected by couples due to horizontal
wave-induced forces acting on the floats at a great dis-

tance below the neutral axis of the deck "beam."

«k WER VN X T PEN R VI WIE e PR R AR WEU BN Bew e e
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4-

a.

I

10, Attenuator designs selected for testing produce good
reductions of wave-induced heaving motion compared
with floats without attenuators, although not as good
as the theory that neglects elastic and hydrodynamic
interactior predicts.

11. The hinge in the attenuator performs exceptionally well,
revducing the horizontal load and bending moment that
would otherwise be transmitted to the deck while attenu-
ators gently oscillate without important erratic behavior
or bumping in the array.

12, Quantitative information on the specific effects of float
spacing and attenuator slenderness cannot be given until
the elastic character of the deck response is clarified
further. This effect is presumed to be greater than the

effects of variations in spacing and slenderness.

ANALYTIC INVESTIGATION OF ARRAY MOTIONS

Background

Experimental studies of array motions have established that vertical re-
sponse is greater in an array than predicted for an isolated float. In particu-
lar, recent models have incorporated a deck of measurable stiffness that has
shown excessive motions at the ends of the array. This phenomena, termed
tail wagging, was established as a significant item of concern. Empirical
explanation of this motion cannot be determined from the test data. The test
data, however, provide strong evidence that deck stiffness is influencing

the exc.ssive motions. Plots of maximum motions of the array recur ina
symmetrical fashion, with greater motion occurring nearly equally at the

bow and stern.

Desire for an analytical explanation of this motion prompted the development
of a mathematical model to evaluate parameters established as significant

to the motinn of an array.

Model Description

Basic a-sumnptions used in the development of this model are listed below:

-78-
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A one-dimensional array of floats is sufficient to 2s-
tablish structural interaction. (Width of the array is
considered unimportant, because each line of fleats

is expecied to attain motions like every other line when

acted upon by a uniform frontal wave. }

A B R s e
ot
.

2. Linear array elements are to be connected at the top by
a deck maintaining shear and bending stiffness.

3. Deck element, at point of attachment to float, must re-
main a right angle to the float.

4. TFloat characteristics are to duplicate all first-order
effects of a realistic hinged float.

a. Mass of upper portion of float and attenuator are
to be located as would exist in a realistic float.

b. Hinge is to allow freedom of oscillation of attenuater.
5. Heave force is to be applied to attenuator at its center
of buoyancy.

6. Surge force is to be applied separately to the upper
portion of the float and attenuator, (Vertical location

of force is assumed as a constant for the sake of sim-
plicity).

Heave and surge force magnitude are to be determined
by experimental or analytical techniques available for
an isolated float for the particular wave frequency of
interest.

8. Sinusoidal variation of surge and heave force are to

be applied.

9. Positive surge force, in direction of wave, lags positive
heave force, upward, by 90 deg.

10. Frequercy of sinusoidal motion is to be representative
of wave action.

11, Dynamic motion of the various portions of the float and
deck are resisted by the float water plane spriag, the
deck stiffness springs, and the inertia of the compo-

nems.

A WE W SN W N TN NN BN N e Ea Ea
o

12. An array tether is assumed (o resist drift of the array.
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The following outputs were expected from the model experiments: =t

1. Horizontal and vertical motions of the cg of the attenu-

ator and the float-deck intersection were to be deter-
mined at each increment of time for each float element. i1
(A time increment of suitable length was selected to -
assist in avoiding errors in the solution.) -

2. Forces and moments existing in various elements were
to be determined at each increment cf time for each

float and deck element.

Variable parameters of the array are:

N - number of floats in linear array '
Al, - float spacing (ft)

Mu - mass of upper portion of floats and deck (slugs)
ML - mass of attenvator (slugs)

Du - center of mass of Mu measured from deck (ft)
DL - center of mass of ML measured from hinge (ft)
Iu - mass moment of irertia of MU about cg (slug ftz) i
IL - rmass moment of inertia of MC about cg (slug ftz)
EI - deck stiffness (lb-ft%)
Lu - float hinge location measured from deck (ft) 2
KF - buoyant spring constant of float (1b/ft)

KD - stiffness of tether holding array in place (lb/ft)
CU - center of buoyancy of upper portion of float

CB - center of buoyancy of attenuator

Variable parameters of wave data and wave force are:

FH - heave force amplitude (Ib) i
FSU - surge force on upper portion of float (ib)

FSL - surge force on attenuator (1b)

BU - location of FSU measurea from deck (ft)

BL - location of FSL measured {rom hinge (ft)

CPS - wave frequency

PHI 1 - Solution starting position for wave (degrees)

LL - vertical center of application of heave force from hinge -
(ft)
-80-
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The math model and the numerical methods used in computer programming

the analysis are described in Item d, below.
Calculations

A computer program was developed for the array motion analysis. To il-
lustrate how this program was used, a typical analysis is presented for an

array of 17 floats with water plane diameter of 12 ft (see Table XI, RunNo. 2).

Portions of a computer printout for time increments of 5 and 5.1 seconds for
RunNo. 2aregivenin Table XII. Suchincrementsare printedat0.1-secondin-
tervals for the entire length of the run. Computations aremade at 0. 02-second in-
tervals. Data outputs include horizontal deck motion of the array (XD). The

motions and forces at each of the 17 {loats are as fcllows.

XV

vertical displacement of deck or float
Xu - horizontal displacement of cg of upper float section
XL - horizontal displacement of cg of attenuator section
THu - angular displacement of upper float section
THL - angular displacement of attenuator section
MR - moment reaction between float and deck

FR - vertical reaction between float and deck

A plot of the vertical motion of the first row is given in Figure 34. Note that
each cycle is not an exact repeat of each other cycle because of a complex
interaction of structural frequencies. Horizontal motion of the cg of the
upper section of the float is shown in Figure 35. Vertical motion of the cg
of the upper float section and attenuator section are considered to be equal
to the deck vertical motion. Horizontal motion of the attenuator section of
float 1 is shown in Figure 36. Horizontal motion of the deck is shown in
Figure 37. Horizontal motion at all points on the deck are considered to fol-

low identically.

Run No. 0 differs from Run No. 2 in regard to the number of floats (17 for
Run No. 2, 4 for Run No. 0) and length of run time (22 seconds for Run No.
2, 4 seconds for Run No. 0).

-81-
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TABLE XI - PARAMETERS FOR ARRAY WITH

LARGE-DIAMETER FLOATS

Parameter Value
Array and
float geometry

N 17
AL 18 it
Mu 635 1b secz/it
ML 5800 1b sec?/ft
Du 24.0 ft
DL 32.6 it
Tu 0.366 X 10° slug £t2
IL 1.22 x 106 slug #?
EI 1.44¢ x 106 1b £t2
Lu 438 ft
KF 7060 1b/ft
KD 0 1b/ft
Cu 30.0 it
CL 32,0 £t

Wave data
FH 508 1b {fora 1-ft wave

amplitude)
FSu 3220 1b (for a 1-ft wave
amplitude}
FSL 4000 1b (for a 1-ft wave
amplitude)

Bu 36.0 ft
BL 28.3 ft
CPS 0.230 cps
PHI 1 0 deg
LL 32.0 ft
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TABLE XII - ARRAY MOTTON AT ISOLATED TIME INCREMENT

T = 75,00 SEC XD = U032 FT /T oo TrTTTTT T
N XV TR T T XL T YRUT T THL MR T OFRTTT
1 -0.205 0,191 -0.8%6 =0.53 -0.85  -3.I3E 05 5. T3E 02
T2 -0.337 =0.095 ~ -1.697 =0.30 =2.59  -3.68E 05 ~ -Z.07E 03
3 =0.355 0.108 =0.455 0.18 —1.12 3.66F 04 =3.07E 03
T4 T =0.231 0.284 1.852 0.60 Zo31T 7 4.39E D5 T =1.44F U3
5 =0.034 0.300 2.754 0.64% 3.8¢ 3.40F 05 ~ 2.33F 03
6 0.125 0.187 1.414 0. 37 [.88 ~ =I.16F 05 ~"3.76F 03
-7 0.209 0.130 ~0.439 0.16 —1.07 T =3.7TE 05 8. TOE 02
I 0.270 " 0.129 T —-0.680 0.23 7 =1.597 0 T-1,226 0% SZJITE O3
9 0.367 0.193 0.822 0.38 0.82 3.58E 05 -1.15F 03
10 0.462 Oelal 1.858 T0.26 T T Ty T 4.BOE 05 TZ.38F 03
11 T0.475 ~0.052 0.700 TR0.227 T T HLs0 5,65 04  3.TOF 03
12 0.325 ~0.271 ~1.663 7T T T=CLT2 =T.9T7 -4.%2€ 05 T I.63E 0F
13 0.075 -0.324 -2.854 TTE0.85 7 S3.BZ T <4.41E05 7 T T=B.BUE 02
14 -0.153 -0.218 -1.689  =0.60 -2.15 T 4,408 0F =Z.I4E 03
15 -0.295 —-0.094  0.405 -0.30 1.10 3.33E 05 —2.30F 03
16 -0.379 -0.065 0.965 T —0.23 1.98~ 2.29€ 35 T =6.40F 02
17 -0.467 ~0.135 -0.339  -0.33  -0.17  -1.408 05  '6.13F 02
T = 5.10 SEC XD = 0.0%0 FT o B T T
N XV XU~ XL THU THL MR FR
1 -0.152° T-0.289  -1.378 =0.75 =1.337  -4,53€ 05 =~ TB5.44F 07
T2 TZ0.3487 7=0.152  -1.91%7 T =0.46 =2.86 ~ -4,33t 05 -5.6%F 03
3 T-0.39% T 0.103 -0.465 0.15 -T.1I1° = 3.75E 04  =5.0IFE 0F
T4 =0.267 T 0.335  1.97¢ TT0.63 2,47 T 4.60E 05 = 2.88BE 03
"5 -0.059 T 0.323 T 2.866 " 0.68 3,97 3.74E 05 ~ T.5%E703
6 0.110 0.209 1.490 0.40 1.95 ~B.23F 04 3.29E 03
1 0.206  0.130 -0.227 0.217  -0.9¢6 -3.75€ 05  -4.18E 03
_8 0.289 0.171 -0.483 031 -1.38  -1.27E 05 -6.05E 03
9 0.413 0.231 1.019 ___0.46 — 1.0% 3.50E 05 -4.81F 02
10 0.527 0.148 1.906 26 2.90 4.48E 05 7.15E 703
11 0.520 -0.038 0.56% —0J. 50 - 1.37 3.75F 04 9.0767 063
12 0.338 —0.311 ~1.872 -0.84 —Z.13 7 —4.,35E 05 = 2Z2.I8E 03
13 0.357 -0.349 -2.977 T =093 -3.94 -44,23E 0S5 -6.20E 03
14 -0.186  -0.215 —~l.661 —0.61 °  -2.09 3.31E 03 -6.81F 03
15 -0.324 -0.075 0.518 -0.27 1.24 3.14E U5 ~-1.42E 03
16 -0.397 ~0.042 1.0567 -0.19 2.09 2.14E 0% 1.72€ 03
17 -0.474 -0.035 -0.275 -0.30 =0.11 ~1.59€ 05 1.46E 03
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Figure 36 - Horizontal Motion of Lower Float Section
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Shear force imposed on the deck by float 5 and bending moment imposed on
the deck by float 14 are provided in Figures 38 and 39. Profile shapes of

D

the deck at time increments of 17.50 and 19.60 seconds are shown in Fig-

-

ure 40.

|
‘ Maximum excursions of motion are of interest and are summarized in Ta- i
ble XIII. Maximum vertical and horizontal displacements of the upper float
section for each of the rows are givenalong withdeck moment and shear val-
k ues. Both the maximum positive and negative excursions are presentedalong
4

with the time of occurrence of each value,

A study of an array of floats similar to that described in Table XI as Run

No. 2 is discussed below. One important difference in this new array is

that a more practical water plane diameter of the float was used, Diameter
was set at 6 ft rather than the 12 ft used in Run No. 2. This diameter isre-
flectedinthe bucrant spring constant of KF = 1768 1b/ft rather than the 7060
1b/ft used previously.

Important characte -istics of the model, not described previously, are dis-
cussed below, Float geometry, masses, and forces were taken as close :
approximations to those tested in an earlier program and reported in Ref- i
erence 4. Wave frequency data for forces accounted for a hinge by dividing X
the surge force on an unhinged float into forces on the upper section and 4
attenuator as considered reasonable in light of theory. A deck stiffness of

1440 X 108 1b/ft% was utilized.

Table XIV is a sumrmary of motions for this array due to a wave frequency
of 0.23 cps. This case is designated Run No. 41, Figure 41 is a plot of the
mode shape of these extremes with the positive and negative excursions

averaged. H

Tables XV, XVI, and XVII provide data that show the influence of changing
wave frequency (and corresponding wave force magnitudes) to values of 0. 20,
0.15, and 0.10 cps, respectively., Table XVIII provides the corresponding
wave force amplitudes. Note that the mode shape tends to reduce as wave T
frequency decreases, At 0.23 cps 7 lobes appear, at 0.20 and 0.15 ¢ps 5

lobes appear, and at 0.10 cps only 3 lobes appear. This result tends to

-86-
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SECTION IV - PLATFORM MOTION INVESTIGA TIONS GER-15665

TABLE XVHI - WAVE FORCE DATA FOR

WAVE FREQUENCY CHANGES

Wave
Run frequency FH FET FSL
no. {cps) ! (1o) {ib) (1b}
41 0.23 508 3220 4000
16 0. 20 i 650 3000 375¢
» 15 0.15 | 517 | 2610 3390
14 0.10 -7¢ | 1839 2561

support test evidence shown previously in “igures 30, 31, and 32, where
the mode shape also decreased as wave frrquency decreased. The least
stiff deck in those cases was deck 2 shown in Figure 32. There, at 0.20
cps, 5 lobes appeared, at 0.129 and (.09 <ps 3 lobes appeared, and at
0.071 cps 1 lobe appeared.

It was also obgerved that 2s the wave {regusucy decreased, the tail wagging
phenomena increased. This result was ziso noted in the tests. At higher
frequencies, in Figure4l, motion at the center of the array was greater

than at the esnds. This efiect was approached in the lest results.

Figure 42 shows the changes in moticn that occur as the deck stiffuess 1s
changed. Plotted in this figure are mode shapes of extreme motier values
measured at a wave frequency of G.15 cps for three deck stiffness values

as listed below:

Run no. Deck stiffn:ss
6 2
12 720 % 10° I'>-ft
41 1440 x 10° 1b-1t°
18 2160 x 10° 1b-ft2

Tables XIX anc¢ XX provide the data backup ior Figure 43, A drastic reduc-
tion in moticon occurs as the stiffness is increased io 2160 X 196 lb-i:; s

was likewise noted in the test data presenied earlier in Figure 33 that an

-94-~
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SUFEET FOOT)

HEAVE AMPLITUDE/YWAVE AMPLI JOE, 2

Figure 42 - Mode Shape for Analytical Studies as Deck Stiffness Changes

increase in deck stiffness generally reduced motions over a considerable

portion of the frequency range.

It can be shown that both heave and surge forces coatribute to verlical mo-
tion of the deck., Influence of heave force on :lzck motion is easily per-
ceived. Heave Jorce: on the float would reculit in bending of the deck and
consequent deck deiormation. Surge forces are large in magnitude and lo-
cated large distances below the deck. Bending moment transmitted to the
deck by the surge torce is mucu larger than that developed by heave force
(particularly because heave force is attenuated by a deep float}. Accumu-
lation of these surge force couples transmitted to the deck consequently can

cause large deformation.

Twe computer runs were made corntaining the parameters shown in Table X1
with cne difference. Run 3 applied only heave forces, while run 4 zpplied

only .urgs forces. Tables XXI and XXII provide summary data for these
cases. A gnmiparison of Runs 3 and 4, to the previous run 2 indicated

that the r~oticns at any individual time increment were additive.
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SECTION IV - PLATFORM MOTION INVESTIGATIONS GER-15665

That is, heave motion of the deck due o heave and surge force applied

sep~Arately gave the same result as whern they were applied simultaneously.

Comparison of extreme values will show that the contribution of surge force
to the motion, at the frequency tested, is on the order of 10 times that caused

by the heave force.

Two conditions can aid to reduce this motion effect. Deck stiffness can be
increased to reduce response. Moment transferred to the deck, as caused i
by surge force, can be reduced. This reduction could be accomplished by

the use of a hinge located closer to the deck.

Information presented in the preceding analytical studies is for models that
do not duplicate characteristics of the previously tested model arrays. Pri-

mary cause for the lack of duplication is based on deck characteristics.

The analytical model, as conceived and described earlier, incorporated a

deck of conventional bending and sheer stiffness properties.

Attempts to modify the anzalytical model {5 duplicate the deck of the earlier
paraliel linkage were made. Considering small deflections, the parallel
linkage bars have no abiiity to transmit shear force from one float to another.
In this regard, the model deck motions would follow isolated float responses.
Two effects of the model, however, provide for some ability to transfer

shear, and consequently can give rise to excessive deck motion.

1. Plastic strips attached along the outside edges of the
model provide for some bending and shear stiffness.

2. Non-linear effects of shear transmissioa occur as
deflections between adjacent floats become large so
that tension and compression forces in the upper and
lower links cause vertical components of force. Be-
cause major rewriting of the program would be re-

quired, these effects were not accounted for.

The analytical model was alsomodified to account for the deck stiffnessarrange-
ment on the later test models. Deck configuration for these models con-
sisted of {lat plastic strips running longitudinaily separated vertically by

plastic blocks located at each fleat row. In this case, no shear web was

-1co-
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present, and consequently the bending stiffiscss of the deck due to vertical
loads could be approximated by taking the stiffness of the strips individually.
In resistance to surge force etiec*s of moment at the deck, the strips act

as tension or compression links, In this regard the effective stiffness of
the arrangement can be caifculated as two strips separated at a given dis-
tance {similar to the calculation for a sandwichk deck). Calculation of this
latter effect is shown in Appendix G. The analytic modeil incorporated both
stiffness effects as a verendeeltruss configuration. The present form of
the analytic model cannot operate suzcessfully with the stiffness conditioans
supplied. The manner of computing forces and moments from deflected po-
sitions requires small time increments to ensu~e convergence o. the solu-
tion. As the deck becomes stiffer, the time increment must beccme shorter.
Present input requires an increment too small for a practical solution within

a reasonable length of computer tirne.

Analysis of Island Motion

To approximate the motion of the island, a math model was set up that ac-
counts for the motion in one plane only, that is, a single row of floats at-

tached to a flexible deck, as shown in the following diagram.

DECK

TETHER

HINGE

et
POSEENIEGEIDEIT SIS

[RENI— SSER—

PUSCHNSSUEY S—
-~

A

It is assumed in the analysis that the upper and lower portions ofthe floats
are rigid bodies. Tt is also assumed that the horizontal motion o5 the floats
(pendulum action) is quite small, so that there is no kinematic coupling be-
tween the vertical and horizontal motions. There is elastic coupling between
these motions through the deck. A diagram of the forces acting on the fioat

is given on the next page.
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Thz terms uved in tne diazrams are defined below:
y = veartical disolacement nf deck where float is attached

x, = herizontal displacenient of deck - same at all floats

x = horizontal displacement of cg of upper part of tloat
x; = horizontal displacement of cg of iower part of float
8, = angular displacement of upper part of float
8. = angular displacement of lower vart of floal

1-‘
2 iu = mass of deck and upper part of float

ML = mass of lower part of tleat
Iu = rass noraent of inertia of upper part of tloal about its cg
1, = mass moment of inertia of lewer part of float about its cg
ay = virtuzl mass factor for horizontal motion of float
Ay = virtzal mass factor for vertical motion cf fleat

-102-




GRONR SN N MR NG N PN PSP NI peeR PEER BRRg (oI N S B OIS oS

SECTION IV -~ PLATFORM MCOTION INVESTIGATIONS

1]

1]

GER-

15665

virtaal mass {actor for rotational irotion of fleat
wvertical reaction between fioat and deck

horizontal reaction tetwe~n flo2t and decx

moment reacticn between fioat and deck

horizontal reaction between upper and lower parts of float
verticzl reaction between upper ard lower parts of float
surge force on uvpper part of float - input functicn of time
surge focrce on lower part cof float - input functicn of time
heave force - input function of time

buoyant ferce on lower part of float

acceleration of gravity - 32.2 ff:/'sec:2

water plane spring constart

v, *7“ is the buovyant force on upper part of float when y = O.

distance from deck to =g of upper part of float

distance from deck to center of surge pressure for upper
part of floa*

distance from deck to center of buoyancy of upper part
of float

distance from deck to hinge

distance from hinge to center of buoyancy of iovrer part
cf float

distance irom hinge to cg cf lower part of float

distance from hinge to center of surge pressure for :ower
part of float

distance from hinge to point of application of heave force

spring constant of tether

distaice between floats
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The foliowing dynamic equations were used in the 2palysis:
1. Upper portion of float
Fsu -V - Fd = i:'uMu (iy
-Fg-gM_ -H+y (¥, -y) =M (2)
Fsu(bu - du) ¥ Yu('yu - Y){Cu - du}au i 1‘z‘rd S
Fgd -HIL -dje -V({L -d)-M = zdé' (3

2. Lower pertinn of fioat

FSL + V‘ = xLaHML {8)
Fyu tH+Fyy - eMy =y M, (5
- Y -F
Foplep - 9p) # Fylly - d;)8; - Fp @ -C08
HdLGL VdL = ILaI L (6)
Kinematic constraints are as follows:

6 = *I——J" - X ) (7)

Q du'™u d

1 Lu
0y, = qrlxy - %g) - a d_ (x, - xg) (8)

Eliminating V and H from Equations 1 through 6 gives the following

four equations.

1
T i (Fy-Fgo-v vy) , (%)
=M L tayM; U H R ™ Yu
xuMu t xLaHML = I;‘su + FsL - Fd ’ (10)
% M d +x. a, M, L +:86I1 =R , 1)

L"'H L u uu u

:&LaHMLdL +€;a0; =R; , (12)
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where

. . L V'u wGu
LogM, + L Fy* LiFor ~ %M -~ e X g
u v L
FLoF. -y -
{rH *r .HE)J MR (13)
R, =F..b. +6. |F..L. +F c-wd-—-k—i-l:i&—w Fo - )—
L~ fsL’L LTELTTbLTL EM1L M _ta M;"H "R Yoy
(14)
Uzing the kinemnatic consiraints {(Equations 7 and 8), Equations il and 12
hecomae:
AX, ¥B% = F X +R (15)
Cx + DﬁL = inid + RL , (16)
where
A'=Md +I“
! d_
u
B = aHMLLu
aIILLu
C=3a
L u

o
_ L
D = aHMLdL + 3

"
0
T P
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Solving Equations 14 and 15 for EEu and SEL, gives

¥ =-—1 | ;
X, = Ap+ 8¢ |TF; - BF) X4 #+ DR -BR} (i7)
and )
. i . ..
%, = D BT |OF; T AF) %3 + CR, + ARy | . (18)
Now
TF. = kx, , {19}

d dad
where I before a variable indicates a summing of that variable for all N
floats.
Then, summing Equation 10 for all the flcats and using Equation 18,

M, IX teyM;T% = IF__+ IF (20)

H L su SL kdxd

Summing Equations 16 and 17 for all floats and substituting for Eiiu and

Zx ¢, in Equation 19 gives

X3 = -A, IR - A3 TR; +A(ZF_ + ZF_; - kyyy), (21)
where
1
A T NM B, ra e’
u 1 H
A"S = AlmuB3 +QHMLC3) ,
and
s - DF, - BF, . - CF, + AF,
i~ AD + BC 1~ AD +BC
= D =<
B, = aDp+BC C2 = &b +BC
B -._ﬁ__ o —.__é___
3 - AD + BC ~3 = AD ¥ BC
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The motion oi each float is now defined by Equations 9, 16, and 17, and the
horizontal motion of the deck is governed by Equation 20. Thereiore, for a
deck with N fisats, the resuliing sysiem has 3N + 1 equations. It remains

only to defire MR and FR for each float in terms of the float displacernents

and the deck stiffness.

For a deck in which distortions due {o either moments or transverse force

are calculated using the same EI, the expressions for MR and FR are:

_12EL|L 1
Mps = 2 [6 Our-1 #4010 * O s ) F2 Oy - quﬂ)} (22)
1261 [ L )
P Ll Wt - - - ?
Fri =3 gz Cursr = Sqp-) H X PE XL qu-H)]' (23)

Here the subscript i refers to the ith float. For a deck with different struc-
tural action, fer instance a vierendeel truss, Equadicns 21 and 22 are modi-
fied somewhat. By substituting Equation 20 into Equations 16 and 17, the
equations of motion are row in a form for straightforward numerical integra-
tion. A predictor-corrector method of in*egration ic used. The system of

3N + 1 eguations for the general form:

R o= bxpxy, o e e, L=1,2,...,38+1 (24)

3n+1° B

The predictor recurrence formula is the parabolic differentiation formula:

2
Xop] T X U Xy +h is ’ (25)

where h is the time increment and s refers to the sth time step.

The corrector recurrence formula is of the Stormer type:

xs+1 = sz - xs-l 4.--1—2-(fs_1 + IOfs + f$+1) N (26)

The truncation error of this formula is of the order h6. Since the recur-
rence formula and the governing equations are both second order, no sta-

bility problems occur,

A computer program was written to carry out the integration of the equations

of motion. At present, the heave and surge forcing functions can be entered
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only as a sinusoidal function. However, with minor changes, anv type of
forcing function can be accepted.

¢. Restlts
Analytic model array motions show trends and effects similar to test mea-
surements. Deck stiffness is very influential on motion. Asdeck stiifness
increases, motion decreases. Deck mode shape increases as wave fre-
quency increases. Array mode shape at a given frequency shows that many
peints on the deck may have excessive motions compared with other points.
*iotions are nearly symmetrical in fore and aft directions. Both bow and
tail! wagging are observed whereby extreme motions at these points exceed
th» motions at the other points. At the frequency examined, surge force is

»zsprnsivle for the major component of deck motion.

5. SUMMARY
Increased motion within a closely packed array of floats appears related to
an increase in wave height within the array. Computation of force or motion
is suggested as for an isolated float with a wave height modified by float den-

sity effects.

g—m =K g-W’

where K = I/[I(Af/SZ)JAf = float cross-sectioral area and S = float spa-

cing.

Float arrays connected by decks of measurable stiffness appear to attain
additional points of resonant and null behavior at frequencies higher than
float resonance and null frequencies. As stiffness changes, number, mag-

nitude, and frequency of these points change.

Deck mode shape appears to change as frequency of the wave changes. Mag-
nitude of the motion also changes with wave frequency. Tail wagging or ex-
cessive motions of the array at the ends occurs throughout a considerable

portion of the imposed wave frequency spectrum.

Analytical tools for defining interaction of deck stiffness and wave forces on
the floats are presented and appear to provide results duplicating many effects
cbserved in test. Duplication of deck properties in the aaalytical model was
not accomplished. Comparative motions between test and the analytic mode:

consequently was not made on a one- to-one basis.
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SECTiION V - COST INVESTIGATIONS

BACKGRCUUND

The ARPA review group critique of the previcus program suggested that
"Further work sliould be carried out to better éufine the critical restraints
that limit performance and drive *he costs of expandabl: structures and to
highiight the sensitivity of costs to external design reyuirem~ats, The effect
cf possible new developments in rnaterials and fabricating metncds on the

costs of expandable platforms should also be examined. ™

DISCUSSION

During the period that GAC has studied the feasibility of developing expand-
able strustures thal couid be joined together to form a floating base, two
mission definitions have been conside:red. The earliest concept envisage-

a large island {400 ft by 2000 ft) capable of landing C-130 aircraft. Subse-
quently an evaluation was made of a platform of more modest size {100 it by
100 ft) capable of landing a 40, 000-1b helicopter. A parametric cost study
was conducted under Contract N0014-72-C~0361, reported in GER-154911,
for platforms of these two sizes. Similar platform detail designs were con-
sidered structurally for operational sea states of 0, 5, and 7, and aircraft
weights were varied from 40, 000 to 100, 000 to 155, 000 1b. One of the re-
sults of this study is reproduced in Figure 43, which relates area unit costs
for deck loads as a function of operationai sea states. This analysis and the
assumptions on which i+ was based have been re-examined and the costsap-
pear to be reascnable approximations. It should be kept in mind, however,
that a small platform has a practical maximum concentrated load-carrying
capability that is smaller than a large base, and that the response of a large
platform to sea states appears to be different from a sinall one of similar

deck and float designs.

As a corollary to the current program, techmical and cost proposals were
prepared to design, fabr:cate, assemble, and test a medular 1/3-scale

platforml. Sandwich deck dimensions were 50 ft by 50 {t and float scale
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Figure 43 - Ceoncentrated Deck Load versus Floating Base Cost

was established as 8/3 of that used in Figure 3 or 1/3 full scale. Deck load
was defined as a 15, 300-1t helicopier. The platform was designed for a
scaled overational sea state of 5 and survival sea state {scaled) of 7. The
platform was to be supported by a 7 by 7 (49) float array. Manufacturing
costs, including assembly and deployment in an inland lake {Senecaz), but not
including detail design, development, cr testing was estimated to be 268, 000
or approximately $107 per square foot. While this may appear high iu com-
parison with the sarlier cost data for larger platforms, it should be kept in
mind that the labor portion of costs does nct decrease with reduction in

jsland size as rapidly as materials do.

As will be discussed subsequently, the deck and float altenator systems

represent major components of platform costs.

The effect of elimiinating a modular sandwich deck on the basis of cost was
determined in prezaration of a budgeting estimate for a bare bones propusal
{Appendix A) to iabricite a 50-ft by 50-ft platform with 1/3 scale expandable

fioat in a 7- by-7 array with a plywood deck. Factory costs were £62.80

per sq it of platform arca.
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3. VARIABLES AFFECTING PLATFORM COSTS

Two groups of conditions directi;, influence cost of an expandable floating
base of inodular construction. These are mission definition and design al-

ternatives. Primary among the former are:

1. Platform size and corfiguration

2. Deck loads: static and dynamic, con-
centrated, distributed, znd off center

3. Operational sea state

4. Survival sea state

5. Allowable platform motion

Within the definitions established by these criteria, the following design

factors may be varied to control costs:

Deck module size

Deck module material

Fleat spacing

Flnat size aad configuration
. Float materials

. Cabling

. Accessories

\lO‘U‘\:hbJNH

In a gross sense, the major elements of costs of a modular platform can
then be associated with these components: {i} deck, (2) floats, (3) cabling,
and (4) accessories. Factors affecting costs of these components are sum-

marized below:

1. Deck costs
a. Module size and configuration
b. Panel load: distributed and concentrated
c. Materials of construction
d. Float spacing
e. Allowabie platform motion
f. Survival sea state
2. Float costs

a. Deck weight
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b. Cargo loads
c. Platform size and configuration
d, Materiaic of construction
e. Float size and configuration
f. Operational sea state
g. Allowable platiorm motion
3. Cabling costs
a. Float spacing
b. Surv:val sea state
c. Deck loads
4, Accessory Costs., Accessorics are defined as:
a. Fill, drain, and vent plumbing in floats
b. Pressure manifoid system
c. Pressure monitoring system
d. Pumps and compressors
e. Number of floats

f. Degree of sophistication in manifold and pressure
surveillance systems

MATERIALS
General

In analyzing materials and fabric.iion processes most infiuential in cost of
platforra construction Goodyear Aerospace Corporation has examin.d only
the deck and float systems, since cabling and accessories were believed to

represent only a small portion of total platform price.
Deck

A criticism of platform deck design concepts has been that only aluiainum-
faced balsa sandwich was proposed and casted for modular panels in pre-

vious studies. This construction, which has high strength/weight and high
stiffness/weight ratios is expensive in comparison with other muterial op-
tions. Alternatives that might be examined as potentiai deck constructions

wete costed as follows:

1. Welded steel structure - $0.50/1b
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2. Welded aluminum construction - $2.00/1b
3. Extended aluminum - $1.00/1b

Aluminum/balsa sandwich custs in the gage ranges (0.150 to 0.375-in, skins;
4-in, to 8-in. core) considered for platform decks would average $4.00 per

pound.
Other sandwich material options might include:

1. Cores: redwood, aluminum honeycemb

2. Skins: steel, reinforced plastics

Variation in cost as a function of gages for various materials is shown in
Figures 44 and 45.

A quantitative assessment of cost of a modular deck of sandwich construc-
tion has not been undertaken in this program, since a specific design for a
platform has not been evolved. Determination of costs can be derived from

the foregoing information, however, when this has been accomplished.

Float System

The substantial reduction of bending moment achieved by articulating a long
slender inflatable float supperting a deck makes feasible consideration of
relatively thin-gage reinforced elastometric materials for their construc-
tion, since iaflation pressure can also be grossly decreased. For the mis-
sion definition chosen for this cost study, the float shown in Figure 46 was
selected. Full-scale iaflatioa pressure was assumed to be 20 psi for the

float and 11 psi for the attenuator.

Two types of material systems, both known to Goodyear and botl. compatible
with the ocean environment, were examined for costing purposes. They
are: (1) polyurethane-impregnated nylon and (2) neoprene reinforced with
nylon, dacron, or Fiber B. Neither material system requires major capital

equipment for fabrication of components as large as a full-scale float,

‘The Aviation Products Division of The Goodyear Tire & Rubber Co. has

pioneered in the development of nylon fabrics impregnated with a proprie-
tary polyurethane for use in the occean. A large (14 ft to 10 ft diameter by
70 ft long) towed oil container for the ADEPPS program is a recent sizable
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applica ion of this technology. An item such as a float is manufactured by
cutting woven nylon fabric of appropriate strengtl into patterns to form the
various geometries that make up the part. The :zloth is laid over a mandrel
and lapped tc create joints. These are sewn and then adhered by impreg-
nating with liquid polyurethane. When the entire part has been assembled
in this manner on a form-fitting mandrel, it is sprayed with the polyurethane
at a proper viscosity and the fabric is impregnated. Cure is effected in air

at ambient temperatures.

While this material process system shows considerable promise for manu-
facture of the type of hardware represented bv the inflatzble float and attenu-
ator, it was considered to be too developmental to generate costs competitive
with sewing and adhesive bonding of neoprene calendered nyloa, dacron, or
Fiber B, Further, these latter systems may be constructed of multiple
layers, including bias orientations. The shear requirements of the float

are sufficiently high to require 50 percent of principal fabric strengih at

45 deg; a two-ply bias material appears mandatory and this has been ac-
complished with the spray polyurethane process on au experimental basis

only.

Fabrication of calendered neoprene/nylon fabric stock by bonding and sewing
has been employed at GAC for a large variety of applications and is believed
to be applicable to manufacture of the hinged floats. In this process, cured
stock of proper strength is cut into patterns to form various parts of the
float. These patterns are joined by adhesive bonding of lap joints iollowed
by sewing. The number of stitches per inch and ti.> number of rows of
stitches required are a function of fabric strength; for 2000 1b per inch
material, four rows of 6 to 8 stitches per inch would be cmyployed. Subse-
quent to sewing, a thin neoprene seal material wouid be adhesively bonded
over the outer surface of the stitched area tec ensure a pressrce seal. All
elements of the float/aitennatcer system cculd be fabricated by this process,
as was demonstrated in the ! /8-~scale deformable models. For these modsls,

however, sewing was employed only ai the hinge transitions,

No large autoclaves are required for this type of manufacture, although if

available, uncured (rather than cured) rubberized fabric stock could be
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SECTION V_ - COST INVESTIGATIONS GER-15665

adher.d under pressure at the bonded joints without adhesive and without

sewing.

INFLATABLE FLOAT COST EXERCISE

Estimates were made on costs tc manufacture the near real-life, full-scale
float/attenuator assembly (Figure 46) represented in 1/8 scale by the model
tested at LUMF. Criteria established for the estimute were as follows:

i. Cured calendered reoprene to be the impregnant for
all fabrics
2. Two-ply bias rnaterial to be used throughout the system
3. Float and hinge fabric break strength to be 2000 1b/in.
and 1000 1b/in. at #45 deg
4. Attepuator fabric break strength to be 1100 1b/in. and
550 1b/in. at #45 deg
5. All float and hinge joints to employ four rows of stitches
at 6 to 8 stitches/inch
6. All attenaator joints to employ 3 rows of stitches at
6 to 8 stitches/inch
7. All joints to be lapped: adhesively bonded and sewn
8. 100 percent inspection to be utilized on &all joints
9. Estimates to be made on 1, 50, and 500 units
10. N=oprene reinforcements to be (a) nylon, (b) dacron,
and {c) Fiber B
11. Costs of drain and vent lines and metal attachment to
deck to be included

Factory costs are suimmarized in Table XXII.

It was not posuible to develop reaiistic pricing for Fiber B fabrics in the
deniers desired, since none have yet been woven in quantity. Small amounts
of 200 and 440 denier yarns have been produced by DuPont and are under
evaluation by GAC at this time. Verbal prices for this material from the
pilot plant in low quantity are $20.00 and $15. 00 per pound, respectively.
W=aving costs Sor heavier denjer Fiber B fabrics purchased by Goodyear
Aerospace have teen £6.00/lineal yard 60 in. wide.
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TABLE XXIII - FACTORY COSTS

Quantity
Construction One unit 50 units 500 units
Neoprene/nylon )
Materials cost g 5,364 g 4,989 g 4,914
Labor cost 41,1312 16,390 9,550
Total £46,476 g21,279 $14, 464
Neoprene/dacron
Materials cost g 5,882 g 5,470 g 5,391
Labor cost 38,104 15,290 8,975
Total $43, 986 $20, 760 214, 366

In the future, as Fiber B prcauction capacity increases and fibers become
available in quantity for app.ications other than tires, the cost of filaments
and fabrics will decrease substantially. Goodyear has been advised that in
time Fiber B costs may drop to $2.50 per pound. Textile suppliers that
have converted large-denier Fiber B yarns for Goodyear have indicated that

the fibers do not pose unusual problems in weaving.

Fiber B would be attractive as a reinforcement for rubber in fabrication of
inflatable floats because of its exceptional specific strength and stiffness
values in comparison with any other eligible fibers, including nylon and
dacron. Even at = cost multiple of four it would be structurally competitive
with either of the latter fibers. A plus factor of some minor consequence

to its use in platform manufacture is the savings in weight,

A comparison of the physical properties of nylon, dacron, and Fiber B is
given in Table XXIV.
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TABLE XXIV - COMPARISON OF FLOAT REINFORCEMENT

FIBER PROPERTIES

pasey gy wasy S

l —

i- Property Nylon~ | Dacron® | Fiber B

- Tensile uitimate {psi) 117,000 106, 000 400, 000

g Specific gravity 1.14 1.38 1.44

= Tenacity {gpd) 8 €-8 22.0
Modulus {gpd) 55 105 480

(E) (0.8 x 10%) | (1.7 x 10%)] (8.8 x 10%)

Elongation, ultimate {percent) 16-28 i2-16 4.0
Zero-strength temperature, deg F| 473 473 850

B 50 percent RT strength tempera-
ture, deg F 330 350 500
Coefficient of thermal expansion -20 x 107% | -20 x 1076 NA
Ultraviolet resistance P NA

3 Storage aging resistance G E NA
Moisture resistance P G NA
Coating adhesion G G G

- Impact resistance E G NA
-65 deg F performance E E NA

. Flexing resistance E E NA
Flame resistance SE SE NA

- Minimum yarn size available 20 denier 30 denier 1500/2
Filaments per yarm NA NA 2300

_ Filament diameter {inches) 0.001 0.001 0.0003

ot

"Key: E = excellent; G = gcod; ¥ = poor; SE = self-extingaishing; and
NA = ncot availatble,
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APPENDIX A - REPORT OF ARPA REVIEW GROUP ON

EXPAID

FINDINGS AND RECOMMENDATIONS

The review group was briefed by Geoodyear Aerospace Corporation about
their study to examine the technical feasibility of expandable floating bases and
their proposed program to continue the studies through prototype development.
After discussing the presentation in some detail, the review group agreed that
the studies to date have not established the technical feasik°lity of large expanda-
ble floating bases. It was further agreed that the proposed Task 2 of the Good-

year program, involving the design of a one-third scale >xpandable floating

base, is premature at this time,

The review group recommends, however, that a technology program be
carried out to develop basic understanding of the response and behavior of ex-
pandable floating structures subject to wave action. Both analytic and model
studies should be carried out, including but not be limited to the following prob-

lem areas:

Expandable-Body Response. Develop basic understanding of the response of

expandable bodies under wave action. This should include both analytic and
model studies that examine the performance of expandable flotation components
and compare that with the response of rigid components. The scaling laws of
expandable structures shculd be investigated to assure that the prototype struc-
ture can be properly simulai=d and test rzsults scaled to full-scale dimensions.

It may be necessary to actually fabricate a fairly large-scale flotation unit in

order to satisfy these requirements,

Hydrodynamic Problems. Because of the unusual pliable structures con-

sidered and the close packing of floats, fundamern* 1 work should be done on the
following hydrodynamic problem areas:

Interaction of the viscuous wake of a float with neighboring floats.
Bistributed wave reflection and absorption.

Elastic response of structure to the wiove induced forces.

preceding page blank
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Cost of Ixpandable Floating Structures. The current cost estimates on ex-

pandable floating structures appear rather high in comparison with that of other
structural concepts. Further work should be carried out to better define the
critical restraints that limit the performance and drive the costs of expandable
structures and to highlight the sensitivity of costs to external design requiie-
ments. The effect of possible new developments in materials and fabricating

methods on the cost of expandabie platforms should also be =:iamined.

The purpose of the recommended technology program is to develop basic
understanding of the performance, capability, and costs of expandable floating
structures in order to permit a comparison between expandable and more con-
ventional structures. Further work beyond that, if any, should await for the
results of the technology program. Although the review group was not chartered
to examine potential missions for the expandable structures, it was generally
agreed that the technology program should develop and feature potential unique
capabilities and characteristics of such structures rather thar 2ttempting to
meet certain mission-oriented design requirements. Subsequent missions, if
any, for such structures are likely to emerge from a consideration of their
unique features and their system costs. For example, there apgears to be sci-
entific interest in lightweight portable sparbuoys. Multiple combinations of
such units may be of some military interest. In contrast, if the development
work is designed to meet certain mission requirements, it has to be shown nut
only that an expandable base is technically feasible for the given application but

also thzt it is the preferred systemn for the mission under consideration.

The above findings and recommendations are basically supported by all
members of the review group. However, Mr. John Gregory of ONR has 2 some-
what different view on some aspects of the technelogy program recommended by
the group. His comments are included here as an Appendix to the group's re-

port.

INTRODUCTION

During the past 18 months, the Advanced Research Research Projects Agency
has sponsored a study contract with the Goodvear Aerospace Corporation to in-

vestigate the technical feasibility of floating bases constructed of expandable
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materials. Goodyear Report GAP-71-565256, Rev. A,astates that the objectives
of the contract were "to investigate ihe technical ieasibiliiy of using expandable
structures and to develop the required design and material technology. Environ-
mental operating and survival conditions, platform stability, platform mobility,
requirements and capabilities of expandable structures in this application, cost,
sizes of components, material life, and transportation and erection procedures

were considered.

Goodyear has concluded that "ro limitations have been found in thcse areas
that would indicate that the concept is not feasible.™ They have submitted a pro-
posal to ARPA to continte the program through prototype development and assem-
bly. A detailed program plan and schedule has been prepared for Task 2 of the
program, visualizing a 6--month effort through January-June in 1972, The spe-
cific effort of the proposed Task 2 is the design of a one-third scale expandable

floating base.

At the request of Dr. C.J. Wang, Diractor of Advanced Engineering, ARPA,
a group of experts was assembled to review a- d assess the Goodyear technical
feasibility study and to assist ARPA in generating guidelires for a technology
progran: in the area of expandable floatiug platforms. The review group met on
21 December 1971 at the Washington office of The Rand Corporation. The group

was chaired by Drs. Laupa and Ross and included the followirg members:

Stanley Backer MIT

W. Denny Freeston Georgia Tech
John Gregory ONR

Chester E. Grosch Pratt Institute
Armas Laupa Rand

Denzil C. Pauli ONR

Charles Ravitsky ARPA

Robert Ross Environmental Structures
Fred N. Spiess SIO
Alexander J. Tachmindji IDA

Allyn C. Vine WHOI

C.J. Wang ARPA

Cdr. T.F. Wiener '

Office, CNO

The Goodyear representatives briefed the group of their study findings and

proposed follow-on studies, and answered questions of those present. After the

2GAP-71-565256, Rev A: Proposal for Design of Expandable Floating Base
(Task 2). Akron, Ohio, Goodyear Aerospace Corporation, 13 December 1971.
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Goodyear personnel departed, the group discussed the study approach, status,
and conclusiuns in some detail. The main topics of discussion are reported on

next.

SUMMARY OF Dj%i USSIONS

The review group disru:221 a number of .echnical and cost aspects cf the
Goodyear -i.dy. The group fzireed that the studies to date have not specifically
adcéresecd cortain problem a:cas ana therefore have not clearly established the
technical feasibility of expandzble floating platforms. This conclusion was
reached or the basis of two fuvadamenta) considerations; (1) the response and
behavior of rigid versus expandabie buoyant elements, und (2) the possible hy-
drodynamic interference between :losely spaced multiple vertical floats of a
large floating bHase. It was agreed that a techre.ogy program should be carried
out to re:olve these technical prebleris and to develop basic understanding of the
response and behavior uf expandable sleoatiag structures subject to wave action.

The group discussions on the teckniczl and cost problems aie summarized below,

Rigid versus Expandable Floats

The Goodyear design approach has asi,ured that as long as the columns and
attenuators, zcnstructed of expandable macevial and with the artenuators filled
with water, were pressurized sufficiently kigr. to prevent buckling under wave
loading, they behaved as rigid bodies. Followrn, this assumption, scale model

testing of the structure was conducted with muaidels gimulating rigid elements.

The review group believes thzai the above basic design assumption has to be
either verified or a design model developed that represents the behavior of ex-
pandable buoyant elements. Concern was expressed about several aspects of the
problem. It is possible that hydrodynamic pressures are transmitted through
the expandable-fabric membrane, thus negating or modifying the theoretical re-
sponse model based on rigid structures. This is especially so if the attenuvators
include a floating standpipe that is provided to maintain a constant pressure d4if-
ferential between the inside and the outside of the eiament. This may mean that
the attenuators provide additional mass but do nct rxZace the vertical exciting
force by their shape and depth, as now assumed in the rigid-body response
model. It is also conceivable that the elastic properties of th2 pliable floats,
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particularly the large pressurized sections on which the deck rests, are impor-
tant in the motion response of the structure. For example, the modulus of elas-
ticity of the fabric materials is some 30 times less that that of steel. This may
lead to large extensions of the structure and affect its dynamic response. This
elastic-body response is usually neglected in the analysis of floating structures
subject to wave action. In this unusual structure, however, the elastic prop-

erties of the floats may be important.

The comparative expandable-body and rigid-body responses should be inves-
tigated by both analytic and model studies. Because of the unusual type of ex-
pandable structures visualized, this work should also include an examination of
scaling laws as they may pertain to expandable structures so that the pliable
structures could be properly modeled and test results scaled to prototype dimen-

sicns.

It wes also brought out during the meeting that conceptually there are two
basic design approaches possible with expandable structures. One approach
attempts to make the expandable structure equivalent to a rigid structure so that
conventional design procedures will remain applicable. In this case, the prop-
erties of expandable-fabric materials and the use of inflation pressures are con-
sidered only as far as necessary to assure the rigid-body behavior of the struc-
ture, if this can indeed be shown feasible. Of course, the use of such materials

will also result in 2 lightweight, easily packageable and transportable structure.

The other design approach would feature expaadable-body properties of a
floating structure, attempting to capitalize on any desirable properties that may
be established by a further study program. The purpose of the recommended
technology program is thus to develop basic understanding of the behavior of
expandable floating bodies, to examine whether an expandable body will behave
differently from a rigid body, and whether it has any desirable prope:ties that
may make an expandable body the pr-ferred design solution for floating platforms
of certain types or sizes. It is concuiivable that there is much to be learned about
the unique and positive aspects of razsilient structures in the sea, particularly

for structures that are small enough to ke ‘enloved very rapidly.

Hydrodynamic Problem Areas

The configuration of the expandable floating structure has some rather
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unusual features: the columns are closely spaced, the ratio of spacing to diame-
ter of columns is 3, that of attenuators is 1.53 a full structure may have a regu-
lar array of hundreds to thousands of such floats; and the deck and truss structure

connecting the columns is rather flexible.

A single mod«l test of a 35 by 6 array of floats of a rather small scale ( 1/60)
was carried out. This model test showed an unexpected amplification of heave
motion from front to rear of the model. The group members were not aware of
any other model tests of similar close-packed structures and none was discussed
by the briefers. The Reynolds numbers are quite different, being of the order
of 5 X 103 and 10° for the model and the full scale structure, respectively.

Because of the small spacing between floats, the interaction of the viscuous
wake of a float (vortex shedding, separated flow, etc.) with its neighbors may
be important. If this interaction is important, the small model scale and con-

sequent low Reynolds number may yield misleading results.

Another aspect of the problem not completely understood is that of wave re-
flection. In contrast to most stioctures, where the entire reflection takes place
at a single surface, there is a distributed reflection and absorption of wave en-
ergy throughout the whole array of columns. It may he that this distributed
wave-structure interaction, combined with the elastic properties of the connecting

structure, is important for an understanding of the structure motion response.

The group emphasizes that the scaling of the mocdel results may correctly
predict the response of the prototype. However, we do not know aay way to de-
termine the magnitude of the scale effects involved. In view of the lack of ex-
perience with scale model tests of this u msual type of structure, the lack of a
theoretical understanding of the basic hydrodynamic problems discussed above,
and the small scale and small Reynolds number of the model, the group believes
that there is room for reasonable doubt as to the "scaleability" of the results of

the model tests.

The group recommends that further fundamental work should be done on the

three basic hydrodynamic problems:

o interaction of the viscuous wake of a float with neighboring
floats
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o distributed wave reflection and absorption

o elastic response of the structure to the wave induced forces
This work should include, but not be limited to, model tests at larger scales.

Cost Aspects of Expandable Floating Platfcrms

The cost information presented to the review group consisted of platform
unit costs expressed as a function of aircraft weight and sea states. The unit
costs appear rather high in comparison with those of other structural concepts

and are greatly affected by the lesign operational sea states.

The group discussed the available cost cdata and agreed that further informa-
tion is of interest in two areas. Within given materials technology, an effort
should be made to determine the critical restraints which limit the performance
and drive the costs of an expandable floating platform in order to establish the
research areas where future effort should be concentrated for maximum payoff.
Closely coupled to this is a cost sensitivity analysis where the unit costs are ex-
pressed, in parametric terms, as a function of external design requirements,
i.e., the payload type and magnitude (including both uniform loads and concen-
trated loads), the operational and survival sea states, and the motion stability of

the platform.

It is also of interest to examine the possible effect of new developments both
in materials and fabricating methods on the cost of the proposed structures. One
concept mentioned at the group meeting was the possible use of a bladder with an
outside cage of fabric. Such bladder-fabric systems would drasticaily increase
the flexibility nf the material {by promoting fiber slippage dvring bending) and
possibly reduce its weight, thereby resulting in a substantially more packageable
and lighter-weight component. Since weight and cost are often commensurate,

this type of material may reduce the cost of expandable platforms.
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APPENDIX * - PROPOSAL FOR BARE BONES STABLE

EXPANDABLE FLOATING PLATFORM PROGRAM

INTRODUCTION

Goodyear Aernspace submits this unsolicited proposal for the design and
fabrication ot a 1,/3-scale stable floating platform to be used for testing and
evaluation by the Office of Naval Research and the Advar~ed Research Proj-
ects Agency. Specifically the proposed program will develop a 50- X 50-ft
platform supported by a 5- X 5-ft inflatable float array of 1/3-:-cale dimen-
sions for wave testing and observation of utility and performance in a simu-

lated ocean environment; Sen>ca Lake is a tentative site for deployment.

By utilizing the technology developed on previous and current programs,
Goodyear Aerospace believes that a stable platform employing an expandable
structure can be fabricated and tested in a 1/3-scale size. This scale size
will corrohorate or modify test resulis and analysis generated froin small

scale models while permitting actual evaluation of the structure for a variety

of purposes.

The program, exclusive of lake tests, can be executed in nine months. At
the end of this period, the platform would be deploved in an inland lake

(tentatively Seneca Lake) and be ready for wave tests or demonstration.

OBJECTIVES
The program objectives are to:

1. Execute a significant phase of stable expandable float-
ing platform development by design and fabrication of
a platform of appreciable scale that may be tested to
substantiate dynamic and hydrodynamic math modeis.

2. Demonstrate the feasibility and utility of expandable
structure in a platform that can be assembled and

erected on site.

Preceding page blank
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The technical objectives of constructing a 1/3-scale platform are to:

1. Measure vertical oscillations of a stable platform of
significant scale in various sea states and compare
these findings with theory.

2. Test and observe the performance of expandable float-
attenuator systems.

3. Examine the packageability and deplcyment coacepts

of expandable structures.

2. SCOPE

The proposed bare bones program will encompass the design, structural
analysis, and fabrication >f a 50- X 50-ft platform capable of supporting a
1500-1b helicopter or other vehicle or carge of similar weight and weight
distribution characteristics in a condition of operatioy =] ctobility at an ap-
propriately scaled sea state of 5. Specifically the program scope will entail

the following efforts:

1. Design and fabrication of a nonmodular wood deck to a
predetermined stiffness

2. Design, analysis, and fabrication of 1,3-scale ex-
pandable hinged float/attenuators

3. Evaluation of reinforced elastomer materials

4. Testing of float critical components

5. Design and fabrication of float stabilizing cable assem-
blies

6. Assembly and deployment on an inland lake

7. Acquisition of spectral data from inland lake

8. Recommendations for subsequent lake tests and evalua-

tions

4. PLATFORM PESIGN

Because the major development in the expandable floating base concept is
associated with the expandable multi-float arrays, it is proposed to fabri-

cate a simple nonmodular deck of marine plywood (see« Figure B-1). A
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candwich construction will be utilized with a V-sectinn core to provide shear
stiffness in both directions with light weight. The deck hardware will be
precut and delivered to the lake site where assembly will take place. Deck
stiffness characteristics will be incorporated to simulate the modular sand-

wich construction previously proposed.

The float/attenuator design is shown in Figure B-2. This hinged one-piece
structure will be water inflated below the diaphragm and air inflated in the
float above. Pressure can be maintained or varied in both float and attenua-
tor chambers through changes in air inflation on the float. Goodyear Aero-
space believes, however, that pressure in the attenuator can be maintained
at a low level without disturbing its response under wave action. If this
proves true, less costly and less strong fabric materials may te used in

this portion of the system.

Goodyear Aerospace anticipates that a two-ply neoprene/nylon square woven
fabric will be used to fabricate both float and diaphragm. Such materials
were used to fabricate the floats for testing at LUMF in a current contract.
The float will be fabricated by bonding most joints except at the hinge where

the fabric will be sewed.

A positive pressure system will be used to inflate the float/attenuators with
air and water. Internal hoses will permit both filliag and draining of each.

A simple manifold will be fabricated to monitor and maintain float pressures.

The fioats will be joined to the deck structure through a Marmon clamp ring
that will secure the upper fabric cylinder to a metal plate bolted to the under-
side of the deck. Platform stiffness and float column stability will be pro-
vided by tension cables except at the deck edges where compression struts

will be investigated to obviate an above-deck tension load reaction terminus.

The d«ck will be prefabricated in 10- X 10-ft sections to which the metal
attachment rings will be bolted. The floats then will be clamped to each of
these modules. A row of modules will be joined by bolting transversely
through bulkheads at the edges of each while they are supported on an inclined
frame extending from th« shore or a barge. The entire deck can be erected -

under calm conditions - and deployed in the water.
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COMPONENT TESTS
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APPENDIX C - SENECA LAKE SURVEY

A site suitable for hydrodynamic testing of a pla‘form of 1/3 scale was considered.
The assumption was made that this platform would be a 7- X 7-ft float array sup-
porting a deck that was approximately 50 X 50 ft. The site chosen ideally would
offer wave conditions reproducing the Pierzcn-Moskowitz wave spectra for the
open ocean in an appropriate scale as well as support facilities for assembly,

erection, and surveillance of the platform.

The Naval Underwater Systems Center at Seneca Lake was visited and appeared
to have the potential for conducting these tests. Seneca Lake is a year-round
acoustics test site that is operated and managed by 12 civilians and equipped with
two barges, two lighters, and various minor equipment (including a welding and
repair shop) that appeared adaptable and useful to platform, erection,and testing
(see Figures C-1throughC-3). Range facilities probably could e made available,
lony -term monitoring of instrumentation could be undertaken by knowledgeable
station personnel, and local contractor support at Dresden, N. Y..could be ob-
tained fur platform assembly and deployment. Permission to use Seneca Lake

for the tests resides with the Army Corps of Engineers and was not pursued.

While no quantitative spectral data for Seneca Lake were obtained, statements
by NUSC station personnel indicated that wave heights (double amplitude) of

four fecet were observed regularly in winter and spring and that wave heights of

8 ft had been estimated. The lake is 36 mi long, 3 mi wide, and 600 ft deep at
maximum depth (see Figure C-1). Most frequent high wave states occur between
January and April. Wave direction is primarily north or south (2/3 of the time)

along the long dirnension of the lake.

Seneca Lake appeared to have sufficient fetch and depth to produce wave ampli-
tudes and frequencies to reasonably simulate open ocean conditions for the scaled

sea states of interest: operational sea state 5 and survival sea state 7.
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APPENDIX D - PLATFORM SPIN-CfF INVESTIGATIONS

During the course of the program, a number of peripheral applications was re-
viewed to determine if some application of the technologies under development
might be applied. These spin-offs ere summarized briefly in the following para-

graphs.

Personnel at Scripps Institute of Oceanography indicated that inflatable spar
buoys might be useful for certain research programs because of packageability,
lightweight, and probably ease of deployment. No current research contract
was identified, however, with funding to cover an inflatable buoy development

program.

The National Data Buoy Center, National Oceanographic and Atmospheric Agency.
saggested that a discussion of flexible structure techuology applicable to their
requirements for free drifting buoys would be useful. Plans to pursue this dis-

cussion are underway at present.

Discussions between Goodyear Aerospace and personnel at Woods Hole Oceano-
graphic Institute concerning the problem of mid-oceandocking of the submersible
Alvirn with the tender Lulu have been held. While stable platform technology
does not appear relevant, heavy-walled inflatable bumpers to facilitate docking

may have merit. This construction will be evaluated further.

Preceding page hlank -141-
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APPENDIX E - LOCKHEED UNDERWATER MISSILE FACILITY*

WAVE CHANNEL AND TEST BASIN

The wave charnel and test of the Lockheed Underwater Missile Facility is
a rectangular, reinforced concrete tank with interior wall dimensio:ns that
are 180 ft long t7 15 ft wide (see Figure E-1). Witha 2-ft free board
for waves, the standard water depth in the wave channel is 15 ft, resulting
in 25-and 35-ft-deep water in the test basins (see Figure E-2). The 37-ft-
deep basin is equipped with an elevating platform that supports missile

up. iing or other special test equipment weighing up to 7000 1b. The 27-ft-
deep basin is 40 ft long and, when used with the adjacent deep basin, pro-
vides an unobstructed basin 56 ft long with 25 ft of water. Elever. underwater
optical viewing ports, 20-in. square, are flush mounted in one wall in the

region of the deep basin. The wave channel is filled with fresh water.

WAVE GENERATOR AND BEACH

The wave channel is equipped with a 17-ft-high, piston-type wave generator
that spans the tank 14 ft from the west end. Wave heights up to 2. 35 ft,
crest-to-trough, can be generated. Wave periols can be varied from 3.8
to 91 ft. A wave absorbing beach is provided at the opposite end of the
channel. The 14-deg sloping face of the beach extends 21 ft into the tank; at
this point it is truncated ";y a vertical face extending nearly to the flour of
the channel. The beach is composed of two layers of 2 -ft thick stainless
steel baskets filled with stainless sieel turnings on both the sloping and

vertical beach face.

PRESSURE SHELL

The wave channel is largely enclosed in a 27-1/2 -ft-diameter, horizontal,
cylindrical pressure vessel. The vessel is structurally capable of with-
standing complete evacuation. The walkway and work area around three

sides of the tank are enclosed within the shell allowing access to t..e edge of

* Abstracteda from Lockheed Document LMSC/D022460).
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the channel. The facility is evacuated with three, single-stage, 50-hp
vacuum pumps that are installed in parallel. There are two large (10-by 10-
ft) equipment hatches located in the top of the shell over the deep pits. Two
smaller (36-by 36-in. ) hatches in the 10-ft hatches are used for regular han-
dling of test models and small equipment. A traveling crane is installed

over the hatch area for handling of this equipment.

TOWING SYSTEM

The towing system is installed on the top of the walls of the wave channel.
This system is composed of a rigid steel carriage that rides on fiberglass
wheels on a pair of ground steel rails. The carriage, shown in Figure E-2.
is 9 ft long, 17 ft wide, by 36 in. high and weighs approximately 12, 0Q0 1b.
The carriage speed is adjusted and maintained by servocontrolled hydraulic
motors mounted on the carriage and geared through a single-spur gear
against a gear rack. A trailing system provides continuous direct connec-
tion of power, air, controls and instrumentation to the towing carriage.
Test equipment weighing up to 1200 1b may be instailed on the carriage. A
six-component balance for measuring forces up to 1000 1b may be installed

on the carriage.
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Figure E-1 - Exterior View of Underwater
Missile Facility

CAMERA POQTS

Figure E-2 - Cross Section of Underwater
Missle Facility
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APPENDIX F - HYDRODYNAMIC TESTS AND

ANAL YSIS PROGRAM FOR EXPANDABLE FLOATING

BASES: PART 1 - EXPLORATORY INVESTIGATION OF

L. INTERACTION EFFECTS ON DECK MOTION

t Preceding page blank
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INTRODUCTION

A particular, unexpected, result of the earlier‘ model tests program
with a 35 by 6 array of floats (which have a nominal scale ratio of 1/57.6)
was the ''tail-wagging'' phenomena where the heave motions increased from front
to rear of mode!. This is an especially significant feature of the perform-
ance of arrays of large numbers of such floats. 1{n this phase of work, a
variety of experiments hav: been carried ocut in order to study certain as-
pects of ths hydrody~amic interaction observed in the motions response tests
af the 35 by 6 array of floats. These include wave force measurements on
individual elewent rows of this large array to determine if the variation of
wave force, with the model held fixed, is sufficient to produce the motions
cbtained in the previous t=st. The character of the response obtained sug-
gests that a cumulative change of an added-mass type of wave force component
{similar to that obtained for tests of a 5 by 5§ array) n-y explain the

phenumena.

Possible scale =ffects were investigated briefly because of the
possibility of viscous wake interaction due to vortex shedding, separated
fiow, etc., being dependent on Reynolds number. Since large scale model in-
vestigations are iiable to he quitc expansive, smaller scale tests were
undertaken. Although it is no:x at all ar in what way the interaction
effect in this visteady flow - tuation depends on Reynolds number (this de-
pendence can only be es.zblis..cd oy extensive experimentation), it has been
found that for many flow situations a modest reducticn in size, or Reynolds
number, can have as much effect as a sutstantial increase in size. A model
approximately one-third of the size of the 1/57.6 scale model, resulting in
about one-fifth of tne Reynolds nmimber, was employed. A brief investigation
of the effect of reducing the water surface energy by introducing a chemical
surfactant to minimize the possible influence of surface tensior. (Weber's

number) was Carriea out,

Cbservations of wave reflection, absorptioar and transmission were

made during the course of the wave force measurements on both the present
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and the small scale array of models. Wave measurements at certain loca-
tions ahead of, outside of, and inside the large array were made and

correlated to determine energy relations.

Review of the wave-indiced force measurements with the 1/57.6
scale model indicated that the variations in forces correspond reasonably
with the variations in motions over the forward and middle part of the
island but do not exhibit a continuous increase toward the trailing edge,
which was felt to be called for to explain the teil-wagging. Since a
suitable explanation in terms of elastic interaction is still not developed,
it was decided to re-test the articulated 6x35 array in the 75'x75'xk.5!
deep wave test tank (No.2) in order to assure freedom from tank sidewall

influences.

Results of all of these tests, wave forces and motion, including
comparisons with the previously obtained motions data in Tank No.3 are
presented in this report. Complete descriptions of models and measuring

apparatus are alsc given.

An approach to an analytical desc-iption of the deck motion, taking
deck elasticity into account, is discussed but an explanation of the tail-

wagging does not appear to follow from this analysis.

Plans for the comprehensive test program to determine the effects of
variations in parameters such as float spacing and shape, wave frequency
and height, deck rigidity and number of floats on the motions of the plat-

form.

-151-




LR-1620

MODELS AND APPARATUS

ARTICULATED MODEL

A preliminary design for float-attenuator shape was developed on
the basis of a simplified hvdrodynamic analysis and a particular limiting
vertical motion criterion. The selected float had a relatively shallow
draft and large diameter near the lower end. No interaction effect was
anticipated in selecting the float shape. Because of this omission, and
because the hydrodynamic analysis is not sufficiently accurate except for
extremely slender floats, the model does not perform according to the de~
sired specifications. This is not necessarily a crucial disadvantage
since it is presently evident that interaction effects must be studied in
greater detail. A scale ratio of 1/57.6 was selected; the full-size float
has 6-ft diameter at the waterline while the model! was fabricated with
12-in 0.D. plastic tubing.

A photograph of the articulated model of 35 rows of 6 floats each.
undergoing tests in Tank No.3, is shown in Figure 1. The 210 float ele-
ments were made of plexiglas tube and sheet according to the sketch shown
in Figure 2. Solvent-bonding was used to assemble the parts in a water-

tight fashion.

The float elements were cornected in sets of 6 to an aluminum
channel, as shown in the photograph of Figure 3. The channel was
tightened considerably by driiling holes and the tubes were ballasted
with brass weights and lead shot so that a row floated at the correct
draft and roll angle, with a small positive roll stability., This was
checked by floating the sets in a fish tank while lightly restraining

them against pitching (the rows are very unstable in pitch).

The rows are connected to each other by iinkages consisting of
2-3/44x1/2'x0.050" aluminum strips with 1/8'diameter reamed hoies spaced
3-1/4" center-to-center. The linkages roil on 0.1245 diameter x 1/8" long
shoulder screws which are secured to light posts at the ends of the rows

of floats. The vertical spacing of the linkages is & inches. The floats
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are arranged in an equilateral triangular fashion,as indicated in the
sketch of Figure 4.

Although roll stability of the articuiated model is present becaise
each row is éuitably ballasted, the pitch behavior is unstable because each
row is unstable and the 4-bar-1inkage connections provide no restraint un-
less one row is held so that it can move only vertically, The center row
(number 18) was restrained by a vertical tube which slides in a pair of

linear-motion ball bearings, as indicated in the sketch of Figure 5.

The linear motion bearing is secured to a light weight (approximately
3 ibs) carriage which rides on low-friction wheels on a monorail about 12

inches above the water, permitting effective freedom of surge.

The vertical motions of five locations along the length of the model,
at rows 1,9,18,27 and 35, were measured by systems consisting of a long
{approximately 8 ft) verticai string between the measurement point on the
model and quadrant connected to the shaft of a rotary variable differential
transformer (RVDT). These RVDT's have very low friction ball bearings and

the quadrants are very slightly counterbalanced to assure that the string
remains in tension,

Motions tests were carried out in November 1971 in DL Tank No.3,
which is 300-ft long, 12-ft wide and 6-ft deep. Tests were conducted both
in reqular and irreguler ..aves. The irregular waves have Pierson-Moskowitz
type spectral-energy distributions with significant wave height (full scale)

of 6.9, 10, 15 and 30 ft (corresponding to Sea States 4, 5, 6 and 7).

Additional tests were carried out in June 1972 in DL Tank No.2,
which is 75-ft long, 75-ft wide and L.5-ft deep, to check whether tank
sidewall influences were appreciable. These tests were undertaken after
the measurements of wave~induced fo}ces were carried out with the same
floats, secured to a different mechanism, so the floats and articulating

linkages were completely disconnected and reassembled between the two sets
of tests in the two tanks.

Wave eievation measurements were made at three locations during

these tests: a) at a location about 10-ft forward of the "bow'' of the
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platform model and about 1-ft abeam of the model centeriine (the bow of

the model was situated 35 feet from the wavemaker; b) at a location about
1-ft sbeam of the side of the mode